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Post stroke rehabilitation is effective when a large number of motor repetitions are provided to
patients. However, conventional physical therapy or traditional desktop-size robot aided rehabili-
tation do not provide sufficient number of repetitions due to cost and logistical barriers. Our vision
is to realize a wearable and functional hand orthosis that could be used outside of controlled, clin-
ical settings, thus allowing for more training repetitions. Furthermore, if such a device can prove
effective for Activities of Daily Living (ADLs) while actively worn, this can incentivize patients to
increase its use, further enhancing rehabilitative effects. However, in order to provide such clinical
benefits, the device must be completely wearable without obtrusive features, and intuitive to con-
trol even for non-experts. In this thesis, we thus focus on wearability, functionality, and intuitive
intent detection technology for a novel hand robot, and assess its performance when used both as
a rehabilitative device and an assistive tool.
A fully wearable device must deliver meaningful manipulation capability in small and lightweight
package. In this context, we investigate the capability of single-actuator devices to assist whole-
hand movement patterns through a network of exotendons. Our prototypes combine a single linear
actuator (mounted on a forearm splint) with a network of exotendons (routed on the surface of a
soft glove). We investigate two possible tendon network configurations: one that produces full
finger extension (overcoming flexor spasticity) and one that combines proximal flexion with distal
extension at each finger. In experiments with stroke survivors, we measure the force levels needed
to overcome various levels of spasticity and to open the hand for grasping using the first of these
configurations, and qualitatively demonstrate the ability to execute fingertip grasps using the sec-
ond. Our results support the feasibility of developing future wearable devices able to assist a range
of manipulation tasks.
In order to further improve the wearability of the device, we propose two designs that provide
effective force transmission by increasing moment arms around finger joints. We evaluate the
designs with geometric models and experiment using a 3D-printed artificial finger to find force and
joint angle characteristics of the suggested structures. We also perform clinical tests with stroke
patients to demonstrate the feasibility of the designs. The testing supports the hypothesis that the
proposed designs efficiently elicit extension of the digits in patients with spasticity as compared
to existing baselines. With the suggested transmission designs, the device can deliver sufficient
extension force even when the users have increased muscle tone due to fatigue.
The vision of an orthotic device used for ADLs can only be realized if the patients are able
to operate the device themselves. However, the field is generally lacking effective methods by
which the user can operate the device: such controls must be effective, intuitive, and robust to the
wide range of possible impairment patterns. The variety of encountered upper limb impairment
patterns in stroke patients means that a single sensing modality, such as electromyography, might
not be sufficient to enable controls for a broad range of users. To address this significant gap, we
introduce a multimodal sensing and interaction paradigm for an active hand orthosis. In our proof-
of-concept implementation, EMG is complemented by other sensing modalities, such as finger
bend and contact pressure sensors. We propose multimodal interaction methods that utilize this
sensory data as input, and show they can enable tasks for stroke survivors who exhibit different
impairment patterns.
We then assess the performance of the robotic orthosis for two possible roles: as a therapeutic
tool that facilitates device mediated hand exercises to recover neuromuscular function, or as an
assistive device for use in everyday activities to aid functional use of the hand. 11 chronic stroke
(> 2 years) patients with moderate muscle tone (Modified Ashworth Scale ≤ 2 in upper extrem-
ity) engage in a month-long training protocol using the orthosis. Individuals are evaluated using
standardized outcome measures, both with and without orthosis assistance. The results highlight
the potential for wearable and user-driven robotic hand orthoses to extend the use and training of
the affected upper limb after stroke.
The advances proposed in this thesis have the potential to enable robotic based hand reha-
bilitation during daily activities (as opposed to isolated hand exercises with limited upper limb
engagement) and over extended periods of time, even in a patient’s home environment. Numer-
ous challenges must still be overcome in order to achieve this vision, related to design (compact
devices with easier donning/doffing), control (robust yet intuitive intent inferral), and effective-
ness (improved functionality in a wider range of metrics). However, if these challenges can be
addressed, wearable robotic devices have the potential to greatly extend the use and training of the
affected upper limb after stroke, and help improve the quality of life for a large patient population.
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Chapter 1: Introduction
According to the American Heart Association, more than 795,000 people in the United States
have a stroke every year, and approximately 610,000 of these are first or new strokes [96]. Stroke
is the leading cause of physical disability and paretic upper limb, which is a common unwanted
complication after a stroke. In particular, hand motor impairment significantly deteriorates the abil-
ity to independently perform Activities of Daily Living (ADLs), affecting the victims’ quality of
life [50]. Independence, a sense of control, and freedom are some of the key factors positively cor-
related with life satisfaction and health status for people with motor impairments [36]. Improving
confidence in the ability to undertake daily tasks, many of which involves some form of manip-
ulation, could help provide a greater sense of control over life, which is an outcome positively
correlated with better health [83].
Fortunately, growing evidence demonstrates high quality, highly repetitive, and task-specific
training is beneficial in upper limb recovery after stroke [48, 70, 82]. However, there are challenges
that impede many chronic stroke patients from receiving proper treatment. These include logistical
and geographical barriers of visiting therapy clinics, insurance and reimbursement limitations, and
insufficient availability of therapists with specialized training [52]. Insufficient numbers of planned
training movements of the affected limb are also well documented in conventional occupational
therapy [47].
The number of repetitions can be substantially increased by the use of available robotic ther-
apies [45]. However, traditional robotic therapies are provided using workstation-type devices
requiring direct therapist supervision in a clinical setting. As a result, therapy is provided in brief
sessions; typical protocols aim for only three to five hours per week for only six to twelve weeks.
Cost and logistical considerations make significant increases in the amount of use per person un-
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likely. Moreover, patients training with these devices must devote substantial blocks of time to a
therapeutic activity that competes with social and leisure activities. Block training, as provided
by standard and robotic therapies, is less effective for motor learning than distributing training
in smaller but more frequent aliquots [84]. Finally, current robotic training takes place in a non-
functional context, whereas training actual ADLs with “real world” objects is likely to be more
effective and of genuine meaning to stroke survivors [44].
To address this need, we propose to develop a wearable and functional hand orthosis to
assist with movement, force generation, and ultimately the manipulation component of ADLs. A
wearable orthosis can have significant impact for both the ability to live independently (while using
the orthosis as an assistive device) and regaining use of one’s own limb (in which case the orthosis
can be seen as a training and rehabilitation device). A wearable device that can be used outside of
controlled clinical settings can represent a therapy paradigm shift by:
• providing assistance with the manipulation components of ADLs, helping to increase inde-
pendence and a sense of control;
• enabling functional training on real-world manipulation tasks and activities rather than exer-
cises in a non-functional context;
• extending training in the use of the affected limb beyond the relatively small number of
sessions that can typically be performed in a clinical setting;
• providing distributed training during the course of daily activities, rather than block training
in designated therapeutic sessions.
In order to provide these clinical benefits, the technology we propose must meet two important
high-level goals. First, we will aim towards functional orthoses that can be used in daily life;
such devices must be wearable and non-obtrusive to enable regular use. Second, in order for an
orthosis to be used in a care receiver’s natural environment without technical supervision, it must
be equipped with highly intuitive control that is learnable within a short period of time.
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Although numerous hand robots, which are reviewed in the next chapter, have been recently
developed for patients with incomplete motor recovery, devices that simultaneously demonstrate
functional use by stroke subjects with needed actuation in wearable packages and intuitive intent
detection methods for robust control are significantly less common. Furthermore, studies on me-
chanical designs and intuitive intent detection methods of a wearable device are often tested on
healthy subjects, as opposed to clinical evaluations for functional use or efficacy. For all of the
clinical studies included in this dissertation, we prioritize evaluation of functional assistive capa-
bilities of the device on our target population.
Our technical contributions in this work include underactuation through exotendon networks
and efficient transmission mechanisms to provide sufficient force via a small number and size of
motors, and multimodal intent inferral utilizing impaired, but natural residual motion of the user.
In addition to the technical development, we have also assessed rehabilitative and assistive capa-
bilities and limitations of the device. We list the overview of our proposed solutions to unsolved
challenges below.
1.1 Underactuation with Exotendon Networks
Development of a wearable assistive devices for the hand is a particularly challenging context:
the human hand is highly dexterous, often modeled as having as many as 20 individual joints.
This high dimensionality of the joint position space gives rise to an enormous set of possible
configurations. A key tenet of our approach is that a hand orthosis can provide meaningful assis-
tance with daily manipulation tasks even when using a number of actuators far smaller than the
number of joints in the hand. Though the human hand is highly dexterous, previous research sug-
gests that numerous manipulation tasks are dominated by a smaller number of effective degrees of
freedom [78, 91, 89]. To implement this principle, we use a network of exotendons, or tendons
routed on the surface of the hand, to initiate and assist movement. In Chapter 3, we investigate
the feasibility of providing assistance for whole-hand movement patterns using a single-actuator
and a network of exotendons. In the course of this investigation, our main contributions include
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following:
• We quantitatively assess the combined actuation force needed for assisting a multi-digit
hand movement pattern (hand extension) in stroke patients. It is, to the best of our knowl-
edge, the first time that exotendon force needed to overcome spasticity has been measured
and reported. We believe this data will be highly significant as we make progress towards
compact and wearable assistive devices for the hand.
• We correlate our results with the spasticity level observed in stroke patients, measured
using the Modified Ashworth Scale (MAS), commonly employed in patient assessment
for rehabilitation. This type of data will help identify patient populations most suited
for using wearable assistive devices for the hand. We also characterize the resistance
to movement provided by spastic muscles through the assisted range of motion further
informing future designs.
• We provide qualitative results indicating the feasibility of single-actuator assistance for a
second movement pattern (fingertip pinch).
1.2 Effective Transmission Designs
One of the most critical challenges faced by wearable hand robots for post stroke rehabilita-
tion is increased muscle tone due to spasticity meaning that the user involuntarily resists against
actuation. Furthermore, the tone also often increases when the patient is fatigued. This results in
a large space requirement due to the increased need for high level of motor force as well as the
safety problems associated with it. To address these needs, we introduce designs of mechanical
structures on a hand orthosis to enhance force transmission efficiency in a tendon-driven device in
Chapter 4. The main contributions of this chapter are the following:
• We propose two mechanical structure designs: one for higher spasticity at the proximal
interphalangeal (PIP) joint than the metacarpophalangeal (MCP) joint, and one for equally
severe tone on each joint. To the best of our knowledge, this study is the first to present and
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evaluate transmission mechanisms by which exotendons can overcome hand spasticity for
functional tasks with low motor forces and no rigid joints.
• Using mathematical models of the two designs, we measure the moment arms around the
PIP and MCP joints. Assuming that the PIP and MCP joints move simultaneously, we
vary design parameters to see how they affect the moment arms. Also, we compare the
two with a baseline design to demonstrate their validity.
• We evaluate the computational results through experiments, quantitatively assessing the
joint angles and force on the actuated tendon with a 3D-printed artificial finger, designed
to mimic the finger of a patient after stroke.
• We present quantitative results through clinical tests with stroke patients to demonstrate
the theoretical computations and outcome of experiments with the artificial finger.
1.3 Multimodal Intent Inferral
The key to intuitive, user-driven control for a wearable orthosis lies in the ability to infer the
user’s intent from sensor data collected by the device. The robotic orthosis thus becomes a sen-
sory platform in addition to an actuation mechanism. Forearm electromyography (EMG) is an
attractive sensor data that can feed useful signals into a control algorithm for intuitive operation.
While studies [60, 79, 17, 71, 29] have shown that intuitive control with EMG is indeed possible, it
has also highlighted numerous challenges. For example, EMG signals are inherently abnormal in
hemiparesis and distorted by spasticity and fatigue [12, 64]. If signal patterns drift or change be-
tween training and deployment, the control method has no way of coping without new calibration
or training data. Physical interaction with the orthosis also alters the signals. In fact, other uni-
modal interaction methods face similar challenges: if the nature of the impairment, which varies
greatly between individuals, is such that the signal exhibits too much or too little variation, the
entire device can become unusable. We were thus motivated to research and develop various forms
of sensing on a wearable hand orthosis for intent detection where different sensing modalities can
5
complement and augment each other. In Chapter 5, we introduce development of an active hand
orthosis as a multimodal sensory platform as well as an actuation device allowing characterization
of physical interaction with the user in novel ways. We refer to controls that use multiple sensor
types for input as multimodal controls. Overall, the main contributions of this study are as follows:
• We introduce multimodal control methods for the orthosis using the multiple sensors
(EMG, bend, and pressure) as inputs. To the best of our knowledge, we are the first to
propose intuitive multimodal control schemes for a hand orthosis which, leverage natural
hand movement signals (as opposed to side channels such as voice).
• We incorporate bend and pressure sensors into an exotendon framework with EMG sens-
ing while keeping the orthosis compact and without impacting grasping tasks.
• We show that the various controls can be used with different impairment patterns com-
monly found in stroke subjects through offline controller accuracy testing and functional
tasks performed by stroke patients.
1.4 Rehabilitative and Assistive Performance via Long-term Training
It is important for a wearable robot to be tested with target population since such devices can
hardly prove its efficacy without clinical evaluation due to unique impairment patterns of each
individual with stroke. Although aforementioned studies have established the basic operation prin-
ciples of the device in limited case series with stroke survivor, the clinical performance of this
device and the importance of training effects over longer-term use have not been investigated. In
Chapter 6, we present clinical outcomes from a 12 session training program, comprising 3 sessions
per week for 4 weeks to assess our hand orthosis as a rehabilitation device and an assistive device.
Each session involved 30 minutes of active training time in which participants practiced a vari-
ety of grasp and release tasks with everyday objects to simulate ADLs. 11 subjects with chronic
stroke completed the protocol and were evaluated with a battery of clinical assessments pre and
post-intervention. Overall, the main contributions of this chapter are as follows:
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• We present clinical outcomes of the monthly training protocol both with and without
robotic assistance. To the best of our knowledge, it is the first time an active wearable hand
robot was evaluated in clinical assessments both with and without assistance, following
user-driven functional hand exercises over multiple training sessions for chronic stroke
patients interacting with real world objects.
• Clinical outcomes suggest that intensive hand functional exercises using our robot may
improve motor function in distal segments on the upper limb.
• Clinical outcomes highlight the potential for the assistive capability of the device for
stroke patients with lower functional use of their upper limb.
1.5 Towards a Wearable and Functional Hand Orthosis
Overall, this dissertation is devoted to development of a wearable hand robot that is effective in
functional assistance for independent ADLs. We have introduced novel methods and conducted a
number of studies to assess and improve the wearability and intent detection methods of the device.
These advances have allowed us, for the first time, to evaluate both the rehabilitative and assistive
performance of the device via a long-term functional training protocol. The results support the
general feasibility of using the device in both roles, but also highlight needed areas of improve-
ment. We believe these contributions have laid the foundation towards functional assistance for
rehabilitation outside clinical settings, and a shift of the post stroke rehabilitation paradigm from
passive stretch or exercise in a non-functional context to active interaction with real-world objects
outside of clinical settings.
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Chapter 2: Related Work
In the past, main focus of upper limb rehabilitation devices had been on proximal components,
such as elbow and shoulder. This type of devices provides repetitive upper limb exercises through
large exoskeletal workstations. The Armeo Power by Hocoma, Inc., perhaps the most advanced
off-the-rack upper limb training tool, allows gravity and weight offset support to enable training
using games and functional movement in a simulated environment. A study with 35 enrolled
ischemic stroke patients shows improvement of motor function after 40 training sessions of an
hour long exercise [10]. The MIT-MANUS robotic system is another example of commercially
available training tool for upper limb motor recovery [27]. In extensive randomized, controlled
clinical trials involving 127 chronic stroke patients, robot-assisted therapy outperforms human-
delivered usual care and provides similar benefit with intensive treatment by therapist for motor
performance after 36 weeks of training [53]. Even though these clinical evidences support that the
robot treatment can be effective in restoration of arm functions, improvement only on elbow and
shoulder limits the use of upper limb in ADLs since there is little incentive to the arm if the hand
is not functional.
Due to highly complex and versatile hand movement as well as broad spectrum of possible im-
pairment patterns, only more recently robotic device development for hand rehabilitation has been
proposed [46]. The Amadeo is one of the very few robotic workstations for hand rehabilitation on
the market [97]. A randomized controlled trial elicits possibility of superior outcomes in subacute
stage stroke rehabilitation after 40 sessions with at least 300 repetitions per each training [65].
However, workstation devices are often bulky, costly and tethered in clinical setup, requiring ex-
cessive medical supervision. Wearable robots, on the other hand, promise to enable use outside the
hospital, providing the larger number of repetitions and have established themselves as an impor-
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tant area of focus for research in robotic rehabilitation [47]. To facilitate these benefits, we focus
on wearable assistive devices for the hand in this work.
2.1 Passive Devices
Wearable assistive devices for the hand have been proposed in the literature using various ac-
tuation methods, transmission mechanisms, and control inputs. Among all kinds, one of the most
widely used systems is a passive mechanism. An exemplary product, Saebo Flex, utilizes passive
underactuation to provide spring-assisted extension force to help stroke patients who cannot vo-
litionally open their hand. Because the device is affordable and relatively easy to don and doff
thanks to its simple structure, it has become one of the most successful off-the-shelf wearable hand
devices. A study reports there were meaningful clinical improvements for the majority of partici-
pants for the Action Research Arm Test (ARAT) and Upper Limb Motricity Index after a 12 week
rehabilitation program [87]. SCRIPT hand orthosis also adopts passive transmission using exten-
sion springs to assist a user in hand opening [4]. The prime objective of the project is to deploy the
device in home environment for telerehabilitation. In a feasibility study by Nijenhuis et al., seven
recruited chronic stroke patients show positive outcome on Fugl-Meyer (FM) and ARAT after 113
minutes of medial weekly training for six weeks [62].
While such passive devices achieve a compact and lightweight design, they inherently in-
terfere with finger flexion due to the constantly applied spring force, which makes small ob-
ject grasping more difficult. The other passive device, Hand Spring Operated Movement En-
hancer(HandSOME), increases range of motion by adjustable finger extension force profiles through-
out the joint angles depending on the user’s impairment pattern [9]. For patients who have some
level of volitional finger extension capability, the device can be tuned to apply almost no torque at
fully flexed posture and highest torque at extended position. In the case of patients with stiff joint
at flexed posture, a therapist can adjust the shape of assistance profile to the one that can apply
more torque in the flexed position. In a follow-up pilot study, seven chronic subjects completed
reach and grasp tasks for 1.5 hours per day, five days per week and for four weeks, and show func-
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tional improvement on FM and ARAT [13]. However, given that patients with hemiparesis may
exhibit severe muscle weakness in grip strength [6], even lower level of mechanical interference
with finger flexion via passive mechanisms can adversely affect hand functionality. The mechan-
ical interference with finger flexion present with mechanical finger extension aids can be avoided
using active hand orthoses.
2.2 Exoskeletal Devices
Linkage driven systems exhibit efficient power transmission and support bidirectional actua-
tion. Jo et al. present a single degree of freedom (DOF) exoskeleton using linkage structures that
follow fingertip trajectories found from experiments with a motion capture system [37]. Pu et al.
developed five digits actuated device, Exo-finger, based on hand kinematics using a linkage driven
system [74]. ExoKab utilizes mechanical transmission components, such as worm gears and slid-
ers with two micro motors for four fingers and one motor for the thumb to assist independent hand
movement [77]. While such robots benefit from efficient power transmission, this type of devices
often faces the additional challenge of rotational axes misalignment [85]. Also, this misalignment
can result in discomfort and even injury [81].
Several methods have been proposed to address this, such as direct matching of joint centers in
HANDEXOS [14] and HEXORR [80], remote center of motion mechanism in EHI [23], and serial
links chain connected to distal phalanges in HEXOSYS [35]. While effective for rehabilitation ex-
ercises, complex linkages also increase size and thus reduce applicability in constrained, cluttered
environments typical of daily living. We note that wearable linkages can also take the form of a
supernumerary robotic finger [30], a different way of providing assistance without interfering with
the natural kinematics of the hand.
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2.3 Pneumatic Devices
Unlike exoskeletons, wearable hand orthoses comprising only soft structures produce more
compact systems since soft devices do not require appropriate alignment with the biological joints
of the user. Hand rehabilitation devices using soft pneumatic actuators keep the advantages of
completely soft and flexible robots for better interaction with the human hand. A recent narra-
tive reviews on soft hand orthoses reported that wearable hand robots actuated through pneumatic
chambers have become more popular as they offer compliance, light weight hardware, and nat-
ural movement assistance [15]. However, pneumatic actuation shows inherent drawbacks which
are difficulty in control and expensive components. Zhao et al. developed a low-cost soft orthotic
glove that contains integrated optical strain sensors for control to address the challenges [102]. The
optical bend sensors provide real time feedback on how each finger moves, which can be of great
benefit. A customized inconsistent bending profile with variable stiffness can also be implemented
to enhance the usability of this type of device [100]. For a similar benefit, Polygerinos et al. utilizes
fiber reinforcements to induce specific bending trajectories of molded elastomeric chambers on a
soft glove [72]. This device shows remarkable force generation capabilities combined with the
compliance and comfort inherent to a fully soft structure. Nine Spinal Cord Injury (SCI) patients
participated in a following study where they showed notable improvement on Toronto Rehabilita-
tion Institute Hand Function Test (TRI-HFT) and lift force using this device [11]. Nevertheless,
pneumatic actuators have to be tethered to external air pressure sources during operation, which
can reduce wearability without stable grounding, such as a wheelchair.
2.4 Tendon driven Devices
Tendon driven devices have advantages in terms of wearability since actuators can be remotely
positioned and structures located on the hand only require a few small anchor points, which make
the system more suitable for underactuation. Also, this approach simplifies the construction of
underactuated kinematics as tendons can cross multiple joints for intra-finger coupling and bifur-
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cate for inter-finger coupling. Compact and lightweight, BiomHED, for example, exploits artificial
exotendons to mimic the geometry of hand muscle-tendon units [51]. Experiments established the
ability of the device to generate fingertip motion and increase finger workspace in stroke survivors,
highly encouraging for the area of active hand orthoses. Biggar and Yao built a tendon driven
robotic glove with suction cups on an inner glove as a cable guide using vacuum pressure [5]. Exo-
Glove utilizes exotendon driven system on the surface of a glove adopting a differential mechanism
to actuate a multiple fingers with a single motor [33]. In an effort to reduce control inaccuracy
caused by compliance in fabric-based gloves, Exo-Glove Poly has been developed [41]. This de-
vice allows better fit through various adaptable features rather than relying on the compliance of
soft material. Also, the polymer based structures are completely washable and water resistant,
which makes the device much more hygienic than any other wearable devices. We note that hy-
giene is an important feature in a practical point of view.
The tendon driven devices described above deploy either multiple motors closely located to the
transmission [51], [5] or a distally mounted single strong motor connected to the end effector via a
Bowden cable [33], [41]. However, installation of many motors for the assistance of one movement
pattern is redundant, and Bowden cables introduce unnecessary friction. Although there has been a
study on transmission mechanisms that provide a natural joint extension sequence using a tendon-
driven orthoses [43], no prior study has systematically examined effective transmission methods
for tendon driven devices to the best of our knowledge. Our approach introduced in Chapter 4
seeks to achieve efficient transmission on a tendon-driven system while maintaining a compact
and lightweight design for optimal wearability.
2.5 EMG Sensorized Devices
EMG is one of the most dominant user intent detection modalities for robotic hand orthoses as
it requires relatively simple algorithms and enables intuitive operation. Most commonly, sensors
are attached to the flexor and extensor muscles of the impaired arm and an open-loop control
opens and closes the hand when EMG exceeds a threshold [71, 29]. EMG pattern recognition
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algorithms are also becoming more popular as they can classify multiple hand postures (as many
as eight hand motions in stroke patients, if used with a select population because of abnormal
muscle activation [54]) and enable the use of commodity EMG armbands [60].
However, these algorithms often only work on a subset of stroke population due to abnormal
muscle activation [64]. Several strategies have been developed to adapt to these irregular EMG
patterns. One strategy is to place the sensors on muscles that retain healthy EMG patterns. For ex-
ample, stroke subjects can utilize the contralateral upper extremity [55] or facial expressions [31] to
trigger EMG-based controls. Both of these methods require learning a control which uses muscles
unrelated to the desired task.
An alternative strategy is to develop a multimodal control that uses EMG in addition to a
more robust sensing modality. The VAEDA glove uses voice recognition to specify the control
mode, and EMG signals to trigger commands [90]. Voice recognition is robust in ideal conditions,
but sensitive to noise. Radio frequency identification (RFID) tags on objects can serve as non-
biological switches to identify desired hand postures, again using EMG as a trigger to execute
these postures [99]. RFID tags predetermine which objects the subject can interact with, which
limits their utility in real world environments. The SPAR Glove for SCI patients is integrated with
flex sensors on the wrist and an EMG commodity band on the forearm [76]. The flex sensors are
used to control the device in the same manner as the tenodesis grasp. This control mechanism has
the potential to be highly intuitive for patients as it leverages a movement already used for natural
control of the paretic hand; however, no data is yet available from clinical tests with patients from
the target population. Fusing mechanomyography (MMG) and EMG for prosthetic controls has
been studied [25, 98]. MMG is more robust to noise than EMG, but its use for individuals with
neurological impairment is largely unexplored [32].
2.6 Non-EMG Sensorized Devices
Some studies have developed controls which rely on types of sensors other than EMG to avoid
intrinsic drawbacks of the EMG control. Some of these controls are unimodal; they trigger the de-
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vice using a simple analog button [41], a bend sensor on the wrist [33], body-powered motions [56],
or force myography [101]. The Soft Extra Muscle Glove uses force sensitive resistors (FSRs) as
a control because they provide useful information when subjects interact with objects [63]. Zhao
et al. integrated optical strain sensors into a rehabilitation device based on pneumatic actuation
in order to provide accurate position feedback for control and motion analysis [102]. However,
unimodal controls have not yet been shown to be robust for long-term operation, and often rely on
external cues, instead of natural hand motions.
Some devices use sensors not as control inputs, but as tools to analyze hand movement. The
SCRIPT passive orthosis is equipped with multimodal sensors to estimate joint rotations and
torques. These sensing capabilities enable interactive rehabilitation games for users [4, 1], but
use in real-life tasks or ADLs has not been attempted.
2.7 Trends in Upper Limb Robotic Rehabilitation
Overall, the focus of upper limb robotic support has been altering from proximal components
(using simple and big machines) to distal components (using small and more complex tools) of the
upper limb. As noted in an extensive review paper [46], only more recently, hand rehabilitation
tools have been introduced and tested for efficacy for stroke patients. There have been a number of
robot-assisted rehabilitation tools for hand function, and the number is rapidly growing [26, 95, 58,
7]. Yet, only few of the existing hand rehabilitation devices have been evaluated with end users for
functional feasibility, and even fewer assessed for clinical efficacy in their target populations [46].
The field is looking for more evidence to confirm clinical benefits of robot-assisted rehabilitation,
and we believe our project introduced in this thesis aligns with this trend and addresses these
needs.
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Chapter 3: Exotendon Networks for Whole
Hand Movement Patterns
As discussed in Chapter 1, wearable devices have established themselves as an important area
of focus for research in robotic rehabilitation, as opposed to traditional robot-assisted therapy with
desktop-sized (or larger) machines. However, wearable devices designed for the hand quickly
encounter a challenge in the extensive articulation of the hand itself, which is commonly modeled
as having between 20 and 24 degrees of freedom. With current actuator technology, a device with a
similarly large number of degrees of actuation cannot achieve the packaging requirements needed
for wearability while simultaneously delivering the needed levels of actuation force.
We thus begin our project towards a wearable and functional hand robot with an investigation
of whether a hand device can provide meaningful assistance with daily manipulation tasks even
when using a number of actuators far smaller than the number of joints in the hand. Even though
the human hand is highly dexterous, previous research suggests that numerous manipulation tasks
are dominated by a smaller number of effective degrees of freedom [78, 91, 89]. Previous work has
shown that this result translates to artificial hands as well [16], where it is often implemented using
Figure 3.1: Whole-hand movement pattern implemented with single-actuator exotendon network.
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the key principles of underactuation and passive compliance. In addition, In et al. [34] have shown
how underactuation can also be applied to our area of interest, namely tendon-driven assistive
devices for the human hand. Overall, it seems that using a relatively small number of motors is the
key in achieving a compact and lightweight wearable device.
To implement these principles, we used a network of exotendons, or tendons routed on the
surface of the hand, used to initiate and assist movement. The tendons form a network providing
both intra- and inter-finger underactuation; a subset of them are connected to actuators mounted
on the forearm (Fig. 3.1). However, before such devices become practical, key questions still need
to be addressed. First, can a device using few and relatively small motors reach the force levels
needed for meaningful assistance? This is a particularly important question given that a common
stroke aftereffect is hand spasticity, with permanent involuntary flexion. Second, can we hope to
achieve the dexterity levels needed to enable varied and useful manipulation, across a wide range
of patients exhibiting different impairment patterns?
In this chapter, we investigate the feasibility of a single-actuator device to assist whole-hand
movement patterns through a network of exotendons. We propose two possible tendon network
configurations to assist full hand extension and fingertip pinch, which many stroke patients cannot
actively perform due to the disease. Based on the proposed exotendon designs, we build prototypes.
Then, we conduct experiments with stroke survivors to measure the force needed to overcome
various levels of spasticity and open the hand for grasping using the first configuration. In addition,
we qualitatively demonstrate the ability to execute fingertip grasps using the second configuration.
3.1 Movement Patterns and Tendon Networks
Stroke survivors experience a broad range of hand impairments, ranging from barely percepti-
ble slowing of fine finger movements to complete loss of all voluntary movement. It is unlikely, for
now, that a single device can effectively address all these impairment types. We have thus chosen
to focus on certain patterns of impairments that are particularly common and challenging from a




Figure 3.2: (a) Example exotendon routes for achieving different movement patterns illustrated
for index finger. (b) Hand exotendon configurations for eliciting desired movement patterns. Left:
tendon configuration 1 (hand extension), dorsal view. Right: tendon configuration 2 (MCP flexion
/ IP extension), lateral and palmar views.
below, noting again that there are a wide range of other motor and functional impairments that
affect stroke survivors.
• Pattern A: These individuals are able to form a gross grasp with the hand moving all dig-
its in coordinated movement pattern, but lack sufficient finger extension to actively open
the hand after grasping. This pattern is particularly challenging as it commonly includes
spasticity, where the hand is in a persistently flexed pose and digit extensors are unable to
overcome ongoing involuntary contraction of the flexors. These individuals also typically
lack individuated finger movements.
• Pattern B: Another common pattern is the ability to move all digits of the hand, but to have
limited individuation, and for the movements to be slow, lacking in dexterity, and of dimin-
ished force. Such an individual may be able to oppose the thumb to each of the other digits
in sequence, but only slowly and with considerable effort. The ability to manipulate objects
is limited.
Here, we report on two exotendon network configurations informed by these patterns. Each
of these configurations is designed to be driven by a single-actuator, with multiple joints moving
in synergy. For initial study and assessment, we have implemented each configuration separately,
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in a dedicated prototype. However, combined versions able to produce multiple movement pat-
terns with few actuators will be a promising direction for future research. Both configurations are
illustrated in Fig. 3.2b.
Tendon configuration 1: hand extension. In this configuration, one motor assists extension for
all digits. From a clinical perspective, this configuration addresses Pattern A described earlier,
where a person lacks sufficient finger extension to overcome spasticity and actively open the hand.
Combined finger extension is amenable to direct implementation through a single motor, since a
tendon can be routed on the dorsal side of all joints all the way to the phalanges. These routes
also allow the tendons to be neutral with regard to abduction/adduction motion of the fingers.
Simulations carried out using the human hand model included with the GraspIt! simulator for
robotic grasping [61] have shown that complete range of motion of all the joints of the index finger
requires 57mm of travel of the tendon. This matches the specifications of the off-the-shelf linear
actuators we use, noting that functional use of the hand for common tasks is unlikely to require
full simultaneous extension of all joints.
The implementation we report on addresses all digits except for the thumb. The trapeziometacarpal
joint is significantly more complex than finger carpometacarpal joints; GraspIt! simulations based
on the common model with two non-perpendicular axes of rotation indicate that most extensor
exotendon routes will also have a limited but non-zero effect on thumb abduction. Later in this
proposal, we present our solution to this thumb conundrum.
Tendon configuration 2: MCP flexion / interphalangeal (IP) extension. This pattern assumes
opposite motion at the MCP joints versus the IP joints for each finger. Functionally, this pattern
can allow transition between enveloping postures and fingertip opposition postures. For stroke
patients exhibiting pattern B described earlier, this could increase the range of grasps that can be
executed. From an implementation perspective, it is achieved through a single tendon for each
finger, routed on the palmar side of the MCP joint then wrapping around the finger to the dorsal
side of the proximal and distal IP joints. The tendon bifurcates to wrap around both sides of the
finger in order to obtain a neutral effect on finger adduction. Our implementation of this pattern
18
addresses all digits, including the thumb, where the role of MCP flexion is instead played by
adduction.
3.2 Prototype Design and Fabrication
Our overall design is illustrated in Fig. 3.3b. To facilitate donning the device, we split it into
two modules: a forearm piece with actuation, and a glove with the tendon network. The two
components are connected via mechanical features that automatically detach before potentially
dangerous forces are reached. This mechanical coupling includes a permanent magnet connecting
the motor and exotendons. We use permanent magnets capable of a pull force of either 34N (D73,
KJ Magnetics Inc.) or 41N (D73-N52, KJ Magnetics Inc.), both cylindrical with a diameter of 11
mm and thickness of 4.7 mm. Connector pieces with different tendon lengths allow us to adjust
the device to the subject, such that, with all digits fully flexed and the actuator in the fully extended
position, we remove all tendon slack up to a few millimeters.
A linear actuator with a 50 mm stroke length, a 5 mm/s maximum speed of travel, and a
50 N peak force (Firgelli, L12-P-50-210-12) is mounted on the forearm piece. A 50mm stroke
length suffices for the expected range of motion, and 5mm/s as maximum speed is slow enough
to prevent any hazardous circumstances. The peak force of 50N is above that of the breakaway
magnetic coupling, so it was never reached in our experiments.
One of the main roles of the forearm piece is to constrain the wrist joint (Fig 3.3a). Splinting
the wrist is important in our mechanism as it helps extend the fingers without hyperextending the
wrist. Furthermore, the splint is designed to maintain a wrist extension angle of 30°, considered a
functional wrist pose [49]. This design also reduces distal migration, or the phenomenon where an
entire orthotic device slowly slides towards the distal end of the arm while in use. To reduce pres-
sure, which might cause pain on the hand, soft materials, such as moleskin, are attached underneath
the splint.
The tendon networks described in the previous section are implemented on the glove compo-








Figure 3.3: (a) Forearm splint components for devices with tendon configuration 1 (top) and ten-
don configuration 2 (bottom). (b) Prototype hand orthotic devices. Top: tendon configuration 1.
Bottom: tendon configuration 2. Both devices comprise a forearm splint with a mounted actuator
and a glove implementing the desired tendon network.
that actuates each finger. All bifurcation points are rigid, with no differential mechanism installed
to distribute loads. A number of existing cable-driven soft wearable hand devices have tendon at-
tachment points on the fingertip of the glove [34, 19]. We have found that this design can produce
finger hyperextension at the DIP joint. To alleviate this problem, the tendons attach on each finger
to a cloth ring on the middle phalanx. Through IP joint coupling, this produces both PIP and DIP
extention, without causing hyperextension.
On the dorsal side of each finger, raised tendon guides sitting on top of multiple layers of fabric
are used to increase the moment arm of the extensor tendons around the joints. The increased
moment arms allow us to reduce the linear forces applied to the tendons. For the index finger (and
representative for the other fingers), the raised pathways have height of 8.5mm above the MCP
joint and 7.5mm above the PIP joint; the cloth ring only protrudes 1.5mm above skin. For tendons
on the palmar side of the joints, we have found that such increased moment arms are not necessary.
A load cell (Futek, FSH00097) is installed between the actuator and the magnet piece to mea-
sure the tension of the actuated tendon. The sensor has been calibrated to have a resolution of
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0.196N and can measure up to 50N.
3.3 Experiments
Our experiments were designed to provide initial validation of the approach with the intended
target population of stroke patients. In particular, we aimed to verify the capability of the device
to produce the expected patterns and ranges of motion, and to characterize the forces encountered,
especially when assisting patients exhibiting various levels of spasticity.
Testing was performed with five stroke survivors, three female and two male. All testing was
approved by the Columbia University Internal Review Board, and performed in a clinical setting
under the supervision of Physical and/or Occupational Therapists. All subjects displayed right side
hemiparesis following a stroke event; in all cases, experiments took place more than 6 months after
the stroke. Subjects also exhibited different spasticity levels, ranging between 1 and 3 on the MAS.
The first step in the experimental procedure consisted in measuring the patient’s range of mo-
tion in all digits as well as the wrist, and assessing the spasticity level on the MAS. The next
step consisted of donning the orthotic device, consisting of the forearm splint and the exotendon
glove. After donning, the motor on the forearm splint was connected to the tendon network via a
breakaway magnetic mechanism as described earlier.
Starting with the linear actuator at full extension, we define one trial as one excursion of the
actuator to the completely retracted position. Depending on the tendon network being used (tendon
configurations 1 or 2 described above), this produced a given movement pattern of the subject’s
hand. Throughout each trial, we recorded both the actuator position and the tendon force lev-
els reported by the load cell; both measurements were taken at a frequency of 100 Hz. When
tendon forces exceeded the maximum load supported by the magnet, the breakaway mechanism
disengaged and the actuator retraction completed without exerting any forces to the subject.
With each subject, we performed the following set of trials:
• 1 trial where we asked the subject to relax their hand and not apply any voluntary forces;
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Figure 3.4: Illustrations of functional experiments with tendon configuration 1 (left) and tendon
configuration 2 (right).
• 2-3 trials where we asked the subject to voluntarily assist the device in producing the in-
tended movement pattern, to the best of their abilities;
• (for Configuration 1) 2-3 trials where the subject attempted to grasp an object (soda can).
Starting from the subject’s rest pose, the exotendon was engaged by retracting the linear
actuator, providing finger extension. Once functional extension was achieved, the hand was
positioned around the object and the exotendon was released allowing the subject to flex the
fingers (illustrated by an able-bodied user in Fig. 3.4). If needed, the subject was assisted
by the experimenter in positioning the arm such that the hand would be able to execute the
grasp.
• (for Configuration 2) 2-3 trials where the subject attempted to execute a pinch grasp of an
object (highlighter pen). Starting from the subject’s rest pose, the exotendon was engaged by
retracting the linear actuator, placing the hand in a pose appropriate for fingertip grasping a
given object (illustrated by an able-bodied in Fig. 3.4). If needed, the object was positioned
by the experimenter such that the hand would be able to execute the grasp.
After the completion of the procedure, subjects were asked to describe their impressions of
wearing the device, any discomfort or pain produced by it, and any suggestions for improvement.
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3.4 Results
One of the main objectives of our set of experiments was to determine the actuation forces
needed to achieve functional hand extension in stroke patients exhibiting various levels of spas-
ticity. Fig. 3.5 summarizes our results measuring actuation forces during trials with five stroke
patients using tendon configuration 1 (full extension). We present one representative trial per sub-
ject; surprisingly, we found very little variation between trials where the subject was asked to relax
and trials where the subject was asked to actively assist the device or to attempt a grasp. Through-
out the trials, we recorded the applied force levels as a function of the position of the actuator.
Hand opening in response to the device was observed by the experimenter and rated as functional
(sufficient to grasp an object of approximately 55mm in diameter) or not; however, quantitative
data for joint angles was not recorded.
The assistive hand device was able to achieve functional hand extension for 4/5 patients. In 2/5
cases the force level led to the breakaway mechanism disengaging; however, in one of those cases
this occurred after functional hand extension was achieved. Overall, we were able to achieve func-
tional hand extension for all patients with MAS spasticity levels of 1 and 2. Breakaway occurred
after achieving functional extension for one patient with MAS spasticity at level 2, and without
achieving functional extension for one patient with MAS spasticity at level 3. In all cases, the
subject was able to complete an enveloping grasp of the target object, as described in the previous
section.
The maximum level of recorded force varied between subjects: between 15-20 N for Subjects
1 and 3, between 25-30 N for Subject 2, and exceeding 35 N (and thus leading to breakaway) for
Subjects 4 and 5. These results suggest that an exotendon assistive glove with a single-actuator
able to apply up to 40 N to a tendon network similar to the one used here will succeed in generating
functional hand extension for most patients with spasticity levels 1 and 2, but will not be strong
enough to be used by patients with spasticity level 3.
An interesting finding concerns the observed relationship between force and position, used here
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as a proxy for hand pose. In all observed cases, the relationship was highly linear. To quantify this
phenomenon, we first normalized the data as follows. First, as each trial generally begins with
a small amount of slack in the tendon that is picked up as the actuator retracts, we removed all
data points until the force first first reached a threshold of 3N. For cases where the trial ended by
a disconnect of the breakaway mechanism, we also removed data points starting at the breakaway
moment (observed as a sudden drop in force levels all the way to 0). Finally, we normalized
remaining force and position values by dividing with the maximum observed value, and measured
the correlation coefficient between the resulting data series.
For all the trials shown in Fig. 3.5, we obtained correlation coefficients ranging between 0.97
(Subject #2) and 1.00 (Subject #4). Fig. 3.6 shows the normalized data, along with the linear
fit, for the trials with the highest and lowest correlation coefficient. These results suggest that the
spastic muscle does not oppose movement with a fixed force level. Rather, it behaves in spring-like
fashion, with resistance increasing linearly along with elongation.
We also carried out experiments with two stroke patients using tendon configuration 2 (MCP
flexion / IP extension). Force vs. position data for these experiments is less relevant, since, in these
cases the assistive device does not need to overcome involuntary forces in the opposite direction.
Rather, we were interested in the functional aspect: does the assistive device in this configuration
enable stable fingertip grasping. This was quantified as the ability to hold the object using such a
grasp without external support while the assistive device was engaged and applying tendon forces.
One of the subjects displayed this ability without the use of an assistive device; however, both
subjects were able to perform this task with the use of the device.
Throughout the experiments, none of the subjects reported any pain or discomfort from using
the device. However, subjective feedback repeatedly included suggestions to make doning the
glove component of the device easier. We address the issue of donning in the next chapter.
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3.5 Summary
In this chapter, we have proposed two tendon network configurations to assist full hand ex-
tension and fingertip pinch, each elicited by a single motor. In experiments with stroke survivors,
we measured the force levels needed to overcome various levels of spasticity and open the hand
for grasping using the first of these configurations, and qualitatively demonstrated the ability to
execute fingertip grasps using the second.
The force measurements suggest a single linear actuator applying a total force below 40N can
overcome hand spasticity and produced desired movement patterns for stroke survivors with MAS
levels 1 and 2. This implies that lightweight wearable devices (we used an actuator with a total
weight of 40g) can be effective, from a force generation perspective, for a significant range of the
population affected by hand impairments as a result of stroke.
Our results also suggest that spastic muscles oppose movement in a spring-like fashion, with
forces increasing linearly with elongation. In turn, this suggests that selection of actuators (and
implicitly force levels) for assistive devices must take into consideration how applied forces will
vary throughout the expected range of motion.
In addition, we demonstrated that multiple functional whole-hand movement patterns can be
produced using a single-actuator for each. In particular, we showed two possible patterns: full
extension (which combines with voluntary flexion to produce enveloping grasps) and MCP flex-
ion / IP extension (which produces fingertip grasps). These results suggest that a single device
with a small number of actuators can combine multiple such patterns, producing a wider range of
manipulation capabilities.
Overall, we have verified that a small motor force can enable functional finger extension using
our exotendon network design, which is highly significant from wearability perspective. This
means a wearable device within a small and lightweight package for assisting a multi-digit hand
movement pattern is feasible for stroke patients with moderate muscle tone. Also, the measured



































Subject #1. Functional exten-
sion was achieved. Spasticity
level: 2.
Subject #2. Functional exten-
sion was achieved. Spasticity
level: 1.
Subject #3. Functional exten-
sion was achieved. Spasticity

























Subject #4. Functional exten-
sion was not achieved. Spastic-
ity level: 3.
Subject #5. Functional exten-
sion was achieved. Spasticity
level: 2.
Figure 3.5: Characterization of hand extension trials: force vs. position data. Each plot shows, for
one trial, the relationship between the measured force in the actuated tendon and the linear posi-
tion of the actuator. Note that each trial begins with the actuator fully elongated (50 mm actuator
position) and slack tendon network (0N force). As the actuator retracts (left-to-right movement on
the plots), we measure the force applied to the tendon network. If the force exceeds the maximum
load supported by the magnet, the mechanism disengages producing a sudden drop in the force
profile. This plot shows one representative trial from each of the 5 subjects tested using this move-
ment pattern. For each trial, we also indicate whether functional extension (defined as sufficient
hand opening to grasp an object of approximately 55mm in diameter) was achieved before the


































Figure 3.6: Normalized force vs. position data (blue) and superimposed linear fit (red) for trials
exhibiting the highest (left, 1.00) and lowest (right, 0.97) correlation coefficient between these two
variables.
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Chapter 4: Effective Transmission
Mechanisms
In the previous chapter, we measured the level of force needed to overcome spasticity and open
the hand for grasping through preliminary experiments. However, we observed that muscle tone
of stroke patients can drastically increase during repeated use of the upper limb. Also, fatigue
can influence the degree of spasticity in various levels. In this chapter, we focus on addressing
this issue of increased stiffness on the finger joints such that the user can achieve functional hand
extension.
Simply increasing the tendon force to overcome spasticity was not our prime option since it
raises the chance of injury in case of malfunction and the size and weight of the motor. Effi-
cient transmission, on the other hand, allows a reduction in the tendon force required to achieve
functional finger extension. Lower tendon forces also reduce the unwanted phenomenon of dis-
tal migration, where due to the applied forces, the motor component of the devices slides on the
forearm towards the hand. Both of these characteristics can lead to more wearable devices.
We propose two designs that provide effective force transmission by increasing moment arms
around finger joints. We evaluate the designs with geometric models and experiment using a 3D-
printed artificial finger to find force and joint angle characteristics of the suggested structures. We























Traditional Design Baseline Design Proposed Design A Proposed Design B
Figure 4.1: Traditional Design : Tubes or rings are installed on the surface of a hand as cable
guides, and the fixed point is often located at the finger tip. Baseline Design : Raised pathways are
attached on each phalanx, and the fixed point is at the head of middle phalanx. Proposed Design A
: A 3D printed part on back of the hand works as an anchor point and another part is attached on the
distal and middle phalanx. Proposed Design B : Two raised pathways are used, one between the
palm to the proximal phalanx and one between the proximal and middle phalanges. Yellow lines
indicate where each pathway segment attaches with the glove. The distal ends of the pathways
hang freely, to avoid hindering finger flexion.
4.1 Design Criteria
Here, we outline the goals that drive our exotendon device development, in a manner indepen-
dent of specific design choices. In the following, we present and compare several designs intended
to achieve these goals.
1) Achieve Functional Finger Extension: Impaired finger extension is one of the most common
after-effects in stroke patients. Since finger extension plays an essential role in functional grasp,
this impairment adversely affects the quality of life. However, many individuals can still form a
grasp in coordinated movement pattern. Given the volitional finger flexion capability, we require
that our assistive device help the user achieve functional finger extension.
2) Efficient Transmission: Given the first requirement above, it follows that exotendons should
apply significant extension torques around the MCP and IP joints to overcome spasticity. Use of
a strong motor to achieve large extension torques is undesirable as it requires sizable motors and
causes distal migration. Increasing tendon moment arms around the joints is an attractive alterna-
tive which avoids such unwanted effects. We thus look for effective transmission mechanisms that
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increase torque for a fixed tendon force.
3) Effective Torque Distribution: In experiments with stroke survivors Cruz and Kamper [18] con-
ducted, proportions of constant extension torques applied to keep the joints in the neutral position
were approximately 0.03:0.66:0.46 for the distal interphalangeal (DIP), PIP, and MCP joint respec-
tively. This means that the PIP joint typically exhibits higher tone than the other joints. Therefore,
it is important to distribute proper amount of torques translated from a motor force to each joint
for some patients.
4) Wearability: For a device to be used in the home environment, it has to be kept compact and
lightweight while delivering meaningful assistance. Designing such hand devices is especially
challenging, as available space on a hand is limited. To conform with this constraint, the designs
presented here elicit movement using a single motor. In previous work, we have shown that a
single motor can elicit the desired movement patterns [68, 60], but did not consider the effects of
increased spasticity during functional tasks due to repetition and fatigue.
4.2 Transmission Designs
4.2.1 Designs
In this section, we introduce a number of possible device designs, which we will later compare
and contrast from the perspective of our requirements. All the designs discussed here are illustrated
in Fig. 4.1.
1) Baseline Design: The starting point is the simplest design where the tendon is simply routed
on the dorsal side of the finger (Traditional Design in Fig. 4.1). With no moment arm increase,
however, this is an ineffective way to achieve the torque levels needed to overcome spasticity and is
included here only as a reference starting point. Furthermore, anchoring the tendon at the fingertip
is likely to cause hyperextension of a DIP joint unless the range of motion is perfectly fitted with
the user. For all other designs, we attach the tendon to the distal end of the middle phalanx.




Figure 4.2: (a) Example of a raised pathway attached on a finger in extension (left) and flexion
(right). Note that insufficient expansion of the top layer of the pathway hinders finger flexion.
(b) Simple illustration of Design B on a finger in extension (left) and in flexion (right). Yellow
lines show the attachment areas between the glove and the raised pathway. Since the pathway does
not elongate in flexion, finger movement is not hindered.
tendon route. However, such a pathway must elongate to support finger flexion, creating elastic
effects that hinder motion. This phenomenon increases with the height of the pathway, as the top
layer must elongate even further. This behavior is illustrated in Fig. 4.2a.
Our Baseline Design thus consists of raised pathways separated section-by-section to avoid the
interruption of finger flexion. Although moment arms around the joints are increased with this
design, the cable takes a shortcut between the pathways leading to a shorter moment arm when the
finger is not fully extended (illustrated in Fig. 4.1). In this study, we use this structure as a baseline
to make comparisons among envisioned designs.
2) Design A: The main goal of Design A is to achieve a greater moment arm around the PIP joint,
which typically exhibits the strongest spasticity among the three joints of the finger. In this design,
we implement two 3D-printed parts as cable guides (Fig. 4.1).
A fingertip piece is mainly used to increase a moment arm around the PIP joint. This compo-
nent also mechanically prevents hyperextension of the DIP joint while assisting finger extension.
Fabric straps are secured around the finger using velcro to maintain the position of the device on
the hand as depicted in Fig. 4.4. A funnel shaped tube is installed on the dorsal side of the hand to
increase the moment arm around the MCP joint. However, for a small handed person, this palmar
component may collide with the fingertip component in full finger extension. Therefore, the fun-
32
nel tube is designed to allow the fingertip component to be inserted into the dorsal component to
enable full range of motion.
Two parameters, x1, the normal length between the center of the PIP joint and tendon location
and x2, the length between a support of the fingertip piece and the end of the fingertip piece,
determine the moment arm around the PIP joint depending on the joint angle θ.
To learn how the two parameters contribute to the geometric characteristics, we have recorded
the moment arm around the PIP joint. For simplicity, we assume that the PIP and MCP joints are
simultaneously moving with the joint angle θ, and the range of motion for both joints is from−90 ◦
(fully flexed) to 0 ◦ (fully extended). Also, we limit the range of x1 and x2 to avoid designs that are
either too bulky or ineffective.
The results indicate that x1 is more responsible for torque generation when the finger is ex-
tended, whereas x2 is more influential for flexed positions, as shown in Fig. 4.3-(a), (b). With
chosen parameters, the PIP and MCP joints are recorded across finger motions with results plotted
in Fig. 4.3-(c), and it shows that the moment arm around the PIP joint is longer than around the
MCP joint.
3) Design B: Design B aims to maintain moment arms around the PIP and MCP joint at preset
length h and avoid interference with grasps during hand motions. The design consists of a glove,
extension springs, and two raised pathways on each finger (Fig. 4.1). The pathways are placed on
top of the middle and proximal phalanges, and back of the hand covering the PIP and MCP joint.
This prevents the tendon from taking a shortcut that reduces the moment arms around the two
joints. In order to avoid hindering finger flexion, raised pathways are rigidly secured proximally
to the PIP and MCP joint while the other ends distally located to the joint are free to slide without














































































(a) (b) (c) (d)
Figure 4.3: (a) Moment arm around the PIP joint vs. joint angle for different x1 where x2 is fixed
at 19mm. (b) Moment arm around the PIP joint vs. joint angle for different x2 where x1 is fixed at
17mm. (c) Moment arm around the PIP and MCP joint vs. joint angle for Design A. (d) Moment
arm around the PIP joint vs. joint angle for Baseline design, Design A, and Design B.
4.2.2 Design Comparison
Fig. 4.3-(d) shows a moment arm around the PIP joint versus joint angle θ for Baseline design,
Design A, and Design B. The length between the center of each joint and the tendon is set to 17mm
at fully extended position for all three designs.
The result indicates that Design A and Design B generate a larger moment arm around the
PIP joint than Baseline design throughout hand motions. The moment arm with Design A in an
extended finger position is notably larger than the others, which is beneficial considering that a pro-
portional increase in extension torque is required as the finger is in a more extended position [68].
Design B also creates a larger moment arm than Baseline design.
From the outcomes, one can assume that the force level required to extend the finger by Base-
line design would be the greatest. For Design A, the extension would require relatively lower force
level on the PIP joint than the MCP joint as the moment arm around the PIP joint is larger. Finally,
in Design B, the PIP and MCP joints would need similar level of force to execute full extension
because the geometry of the design for both joints is relatively similar.
4.2.3 Exotendon Device
The designs described above are used in a combination with the exotendon device previously
used in the previous chapter with little modifications. Mechanical components of the device are
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composed of a forearm piece with actuation and a structure based on the two designs (Fig. 4.4).
This structure engages the impaired hand with a motor on the forearm piece through a tendon
network. An S-hook connects the tendon network from the end effector with the motor to facilitate
the donning process.
The forearm piece works as both an anchor point to stabilize a base of the motor and a splint
that constrains the wrist movement to efficiently transmit the motor force to the end effector. A
DC motor (Pololu corporation, 47:1 Medium-Power 25D Metal Gearmotor) with a 100N peak
tendon force is mounted on the forearm piece. The motor is driven by Proportional-Integral-
Derivative(PID) position controller, and the range of motion is determined at the clinical test after
fitting the device. A simple push button is implemented to trigger finger extension. While pushing
the button, the motor stalls when the applied motor force reaches its maximum level or the fingers
arrive at the fully extended position. Releasing the button allows the fingers to flex and the hand to
grasp. The DC motor applies an extension force to all four fingers except for the thumb.
4.3 Experiments and Results
In order to evaluate the theoretical results shown in the previous section, we have conducted
experiments using a 3D-printed artificial finger to find a relation between joint angles and applied
force. In addition, we performed clinical tests with stroke patients to provide validity of the results
from simulations and experiments with an artificial finger. In the experiments, subjects wore a
device with each of Baseline design, Design A, and Design B at a time, and the joint angles of
an index finger were measured while the device was assisting finger extension. We provide a
comparison of the range of finger extension elicited by the three designs.
Testing with Artificial Finger
The artificial finger consists of 3D printed parts, torsion springs, and encoders(Fig. 4.5a).
Torsion springs are installed on all three joints to mimic hand spasticity. A proportion of the
spring constants is 3.5:76.9:54.9 for the DIP, PIP, and, MCP joint respectively, which is similar
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Figure 4.4: Prototypes of the hand orthosis transmission mechanisms (top: Design A, bottom:
Design B) proposed in this study.
to 0.03:0.66:0.46 from Cruz and Kamper’s work [18]. Hall effect rotary encoders(AS5600) are
placed on the side of the PIP and MCP joint. The DIP joint, which is coupled with the PIP joint
is excluded from the measurements for the sake of simplicity. Since four fingers other than the
thumb have similar structures and exhibit identical movements experiments with one fingered de-
vice should suffice.
The main objective of this experiment is to measure force characteristics throughout an entire
hand motion assisted by the device with Baseline design, Design A, and Design B. To measure a
tension on the actuated tendon, a load cell(Futek, FSH00097) is installed in series with a motor
and the tendon network. The force is recorded at 100Hz while the motor applies extension torques
to the fully flexed artificial finger (−90 ◦) till the finger is fully extended (0 ◦).
For reliability, the measurements have been taken 50 times for each design. The average values
of force vs. joint angles are shown in Fig. 4.5b. The result shows higher force is required for
Baseline design than the others to achieve finger extension. Also, note that differences in force
requirement are more prominent in flexed positions as simulation results from the previous section
suggest. For Design A, the PIP joint requires less force than the MCP joint across hand motions as
evidenced from Fig. 4.3-(c).
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(a) (b)
Figure 4.5: (a) Experimental set-up with an artificial finger. (b) Force vs. PIP (solid) and MCP
(dashed) joint angles from artificial finger experiments. Black, blue, and red colors indicate force
needed to reach certain joint angles with Baseline design, Design A, and Design B respectively.
Particular ranges of our interest span from−90 ◦ to−20 ◦ as this region encapsulates the necessary
functional movements.
Testing with Stroke Patients
Four participants, one female and three male, with right side hemiparesis and limited mobility
following a stroke event at least 6 months prior were recruited from a voluntary research registry of
individuals who have survived stroke. Testing was approved by the Columbia University Institu-
tional Review Board and took place in a clinical setting under the supervision of licensed physical
and/or occupational therapists. Upper limb spasticity measurements were between 0 and 2 on the
MAS for all participants (Table 4.1).
Each testing session was performed over the course of one visit. Spasticity scores at the elbow,
wrist, and digits were assessed using the MAS before and after testing. Subjects were then fitted
with the exotendon orthotic device and guided through the following procedure with each version
of the device.
• The subject opens the hand using the orthosis. Extension of the PIP and MCP joints of the
index finger are measured using a goniometer. The index finger was selected for measure-
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MAS Extensor Score MAS Flexor Score
Subject Elbow Wrist Finger Elbow Wrist Finger
A 1+ 0 0 1 0 1
B 2 0 0 2 1 1+
C 1 0 1 1+ 1 1+
D 0 0 0 0 0 1
Table 4.1: Subject clinical information
ment as it was most accessible with the device in place; it was also qualitatively observed to
be representative of the four fingers.
• The subject attempts to grasp and release 15 times to induce fatigue. The device is triggered
to assist hand opening using a button at the point of maximal effort. On the 15th repetition,
the joint angles of the index finger are measured again. In general, fatigue increases tone
in hand movement, and this measurement is taken to see if one can still achieve functional
hand extension in this condition.
• The subject takes a rest for five minutes to reduce the impact of fatigue. Then, the last mea-
surements of the joint angles of the index finger are recorded while the device is assisting.
• To avoid effects of fatigue carrying over to the next trial, the subject rests for ten minutes
between trials with different devices (including time spent on doffing and donning the de-
vices).
Fig. 4.6 shows the average of measured PIP joint angles with all participants. Since the MCP
joint was fully extended for every patient, only the PIP joint angle was measured.
The result demonstrates a comparative advantage of Design A and Design B over Baseline
design. In particular, as patients became fatigued, the Baseline design generally failed to elicit
functional extension, whereas Design A and Design B were less vulnerable to increased tone after
activities. This result also suggests that assessing the feasibility of a hand device through range
of motion measurements without the integration of functional tasks may not be representative of
real life use. For a hand device to allow repetitive exercises, post-fatigue evaluation should also
confirm the effectiveness of the device.
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Figure 4.6: Joint angles of the index finger measured with stroke patients while the device with
Baseline design(black dotted line), design A(red solid line), and design B(blue dashed line) is
assisting finger extension.
Version Before Activity With Fatigue Following Rest
Design A -10.0(±5.7) -33.5(±6.4) -8.8(±5.9)
Design B -18.8(±11.9) -37.5(±20.5) -27.5(±16.0)
Baseline Design -28.8(±12.6) -61.3(±18.1) -25.0(±16.0)
Table 4.2: Joint angles of the index finger measured with stroke patients(mean± standard error)
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4.4 Summary
In this chapter, we have proposed distal structures of a tendon driven hand assistive orthosis for
efficient force transmission. In order to evaluate the designs, we ran simulations with mathematical
models and conducted experiments using a 3D-printed artificial finger. We also performed clinical
tests with stroke patients to study real-life applicability.
In the geometric model analysis, the two designs we propose enabled torque generations with
large moment arms around joints of a finger, compared to traditional devices. The advantages
of the large moment arm were demonstrated by the experiments with an artificial finger. The
result suggests that the force required by proposed structures to extend a finger was lower than
Baseline design. Clinical trials with four stroke patients where we measured joint angles with the
device assisting finger extension also supported the feasibility of the effective mechanism. In the
experiments, all four participants attained a functional finger range of motion even when fatigued
with the assistance of Design A and Design B.
Efficient transmission mechanisms in a wearable tendon driven device offer several advantages.
Since the required level of force is lower, the size of the device can be reduced, and the likelihood
of injury decreased. It means that the operation is more robust because the patients can use the
device even when their muscle tone is higher than usual due to fatigue or abnormal muscle syn-
ergy. Also, small and light actuators can be placed closer to the affected hand, further increasing
wearability. Finally, a low tendon force leads to reduced distal migration, which is a limitation of
active devices.
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Chapter 5: Multimodal Intent Inferral
With our development in the previous chapters, we now have a hardware capable of providing
needed actuation in a compact, wearable package, allowing greater freedom and flexibility than
their workstation-like counterparts. Such wearable devices could allow use beyond the confines
of a therapist’s office. However, the vision of a wearable orthotic device used for ADLs can only
be realized if the patients are able to operate the device themselves. Control methods must be
effective and intuitive, robust to long term operation, and cannot impose significant cognitive load.
These algorithms must also cope with a wide range of impairment levels and abilities in the target
population. While the actuation abilities of robotic hand orthoses have made great strides, control
algorithms have not made similar progress in addressing these challenges.
In an effort to realize the intuitive control, we have previously developed an intent detection
method using an EMG commodity band [60]. However, the variety of encountered upper limb
impairment patterns in stroke patients means that a single sensing modality, such as EMG, might
not be sufficient to enable controls for a broad range of users. In this chapter, we introduce a
multimodal sensing and interaction paradigm for an active hand orthosis to address this significant
gap. In our proof-of-concept implementation, EMG is complemented by other sensing modalities,
such as finger bend and contact pressure sensors. We propose multimodal interaction methods that
utilize this sensory data as input, and show they can enable tasks for stroke survivors who exhibit
different impairment patterns.
To equip a hand orthosis with multimodal sensing, we expand upon our work with exotendon
hand device (Configuration 1 in Chapter 3 and Design A in Chapter 4). See Fig. 5.1a and Fig. 5.1b
for actual implementation. Tendon driven systems require less space than linkage-based exoskele-



















Figure 5.1: (a) Prototype of a hand orthotic device with multimodal sensors. (b) Integration of a
pressure sensor into a thumb strap (left), tendon routing for thumb extension and abduction (top)
and bend sensor implementation (bottom).
implementation.
The 3D-printed fingertip components are secured to the fingertips using Velcro straps. The
underside of the strap is rubber to prevent distal migration. The components route the exotendons
through raised pathways that enhance force transmission by increasing the moment arm around the
PIP joints. In addition, the components prevent hyper-extension of the DIP joint and serve as an
anchoring point for the tendons.
The thumb moves differently than the other four fingers, and therefore requires different rout-
ing. As long as the four fingers are sufficiently extended, we can enable grasping tasks by simply
splinting the thumb in a stationary, opposed position [2]. We splint the thumb using two tendon
routes, which adjust the thumb’s abduction and extension (Fig. 5.1b).
5.1 Multimodal Sensing
While existing work has focused primarily on robotic hand orthoses as actuation devices, we
envision future devices serving an equally important role as sensory platforms, equipped to charac-
terize physical interaction with the user. Numerous sensing modalities can be envisioned, focusing
on tendons, joints, contacts, etc. In this context, we have developed a multisensory platform proto-
type, combining sensors for the following: forearm EMG, motor position, fingertip pressure, and
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joint angles (Fig. 5.1a, 5.1b). We describe these sensing modalities and their integration with the
orthosis next.
5.1.1 Forearm EMG
EMG is one of the most common orthotic controls because it is intuitive. EMG sensors are
low profile, and commercial devices, like the one used in this work, are easy to don and doff. With
relatively simple algorithms, EMG sensors can be used to identify a variety of different hand poses.
We use the Myo Armband from Thalmic labs for our EMG sensing. The armband consists
of eight EMG sensors and is placed on the subject’s forearm, proximal to the splint. Our pattern
recognition algorithm (Section 5.2.3) uses the EMG sensors to predict the user’s intended hand
state. Fig. 5.2a shows an example of EMG activation patterns as a subject attempts to open and
close their affected hand. In this figure, the EMG activation for open and close is distinct; however,
these patterns will change over time as the subject fatigues.
5.1.2 Motor Position
Motor position sensing is commonplace in robotic devices, and we include its description here
for completeness. The motor encoder provides high-resolution position feedback, which enables
us to control the actuator with position control and determine the current state of the orthosis.
Because our tendon network is underactuated, this feedback does not provide information about
individual finger behaviors, but their combined movement pattern.
5.1.3 Finger Joint Angles
Joint angles can serve as cues to determine patient intent. One typical pattern is partial volun-
tary movement, where patients try to open their hand and some fingers partially extend. Another,
abnormal, movement pattern from which the sensing modality can potentially benefit is overactive
stretch response [40], which exhibits finger flexion when patients try to extend. By measuring PIP
joint angles with bend sensors, both movement patterns can give us information about user intent.
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Open CloseRelax
(a) Forearm EMG activation
Open CloseRelax
(b) Bend sensor data and its time derivative
Open CloseRelax
(c) Fingertip pressure and the time derivative of the pressure
Figure 5.2: Sensor data recorded while a user with stroke opens (green) and closes (yellow) their
affected hand during training. The plots depict the following sequence (verbal instructions are
given to the user throughout): the user, with hand at rest, tries to open. After a few seconds, the
device is actuated to assist the open. The user relaxes once the hand is open (tendon fully retracted).
Then, the user tries to close, despite resistance from the orthosis. Shortly after, the device extends,
allowing the hand to close.
We use a bend-sensitive resistor on each finger to measure joint flexion of the PIP joint (Fig. 5.1b).
We assume residual movement of the PIP joint is greater than the MCP joint and therefore only
deploy sensors on the PIP. For each finger, the proximal side of the sensor is anchored to the sub-
ject’s proximal finger link by a strap. The distal side of the bend sensor is fed through a flat hole
in the bottom of the fingertip component to keep it close to the distal link of the finger.
We found that using a simple threshold on the raw bend sensor data to trigger an open command
was limited as a control because motor position and the size of the objects with which the user
interacts both dramatically affect the raw data values. Fig. 5.2b shows the raw bend data and bend
derivative during an example open-close motion. Note that the bend derivative peaks soon after the
subject is asked to open. The next notable maximum is caused by the device extending the fingers.
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5.1.4 Fingertip Pressure
Pressure sensors on the fingertips serve a dual role: since the digit straps are the conduit by
which exotendons apply force to the fingers, the pressure sensor can record the level of force
between the hand and the device. When the user is performing a grasp, the pressure sensors will
also record the contact force between the hand and the object. In this way, pressure sensing allows
us to paint a complete picture of force transmission, from the orthosis to the patient’s hand, and
from the hand to the environment.
Fingertip pressure increases when the subject is either interacting with an object or trying to
close the hand while the device is open. Though we cannot differentiate between the two actions,
the increase in pressure gives us useful information about when the user intends to close their hand,
especially when the user cannot maintain the muscle activation necessary for detection via EMG.
Again, we use the time derivative of the pressure data rather than the raw data. As shown in
Fig. 5.2c, both the raw data and the pressure derivative increase soon after the subject is asked to
close their hand, but the derivative provides more robust cues because the raw data alters over time
due to fatigue and irregular tone.
We fit our exotendon device with pressure sensing using force sensitive resistors (FSRs). FSRs
are compact enough for integration inside the digit straps which attach the 3D printed fingertip
components to the subject’s fingers. Fig. 5.1b shows how the FSRs are placed inside the digit
straps.
For simplicity, we integrate pressure sensing only on the thumb because it is the finger which
generates the greatest force when the subject tries to close their hand [42]. The thumb is also




Even in a multimodal context, EMG is still a key sensing modality. We describe here our
EMG-based control intent method, developed initially as a single-modality control [60] and then
updated to be used as one modality among many. For additional details and experiments regarding
EMG as a single-modality control, we refer the reader to the companion publication [60].
One of the key tenets of the approach is to rely on signals from a multitude of sensors placed
around the forearm. Unlike simple intensity thresholding, which is effective for a single sensor
precisely located on a specific muscle, pattern classification identifies patterns in the complete set
of signals from the sensors. This approach has three main benefits:
1. It enables the use of commodity sensors. Even though the quality of the EMG signal from
commodity sensors is lower than medical grade sensors, we compensate for signal quality
with sensor quantity. Pattern classification provides an image of the overall EMG signal in
the entire forearm instead of trying to isolate a high quality signal from specific muscles.
2. It eliminates the need to search for specific muscles with exact sensor placement. Pattern
recognition examines EMG signals from the entire forearm. Studies have suggested that
when electrodes are placed around the entire forearm, targeted and untargeted placement of
EMG electrodes result in similar classification accuracies [22]. Throughout our experiments,
the only effort to position our EMG sensors was placing one of the sensors on the dorsal side
of the arm. Even with this untargeted approach, we were still able to use pattern classification
with good accuracy. The flexibility in sensor placement means that donning our control unit
does not require a therapist, or even a basic understanding of forearm anatomy. For a device
that is designed for take-home use in mind, this is an extremely desirable quality.
3. It allows for the possibility of an orthosis with more DOFs. Current orthoses look at two
specific muscles, a flexor and an extensor. The flexor controls the close motion of the or-
thosis and the the extensor controls the open motion. Pattern classification allows for the
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recognition of more complex muscle motions, which could control different DOFs of the
orthosis [73].
To acquire the EMG signal, we use the Myo Armband from Thalmic Labs. It has 8 EMG
sensors and 8 IMUs, which can indicate the orientation and acceleration of the device. In this
study, we only use the EMG sensors.
5.2.1 Pattern Classification
Our pattern classification algorithm seeks to take the 8-dimensional raw EMG data from the
8 Myo sensors and identify patterns that correspond to certain desired hand motions. The current
algorithm only identifies hand opening and closing.
We collect raw EMG data from the Myo Armband at a rate of 50Hz. At time t, we collect the
EMG signals etj from the sensors and assemble them into a data vector xt:
xt = (e
t
1 . . . e
t
8) (5.1)
We aim to predict two possible user intention: to open the hand (Intent=Open) and to close
the hand (Intent=Closed). While training, ground truth data is provided by the experimenter who
gives the subject verbal commands to open or close the hand. The training period is around 45
seconds - allowing the experimenter to command the user to try to open and close the hand twice.
Although this training time is short, we receive a large quantity of data points (∼2,400) which we
use to establish patterns in the EMG with our classifier.
Our first order goal is to predict user intention based on EMG signals from the sensors. We use
a random forest classifier trained on the ground truth data described above to make this prediction.
A random forest classifier is an ensemble machine learning method created from a combination
of tree predictors [8]. Because of the random nature of the bootstrap sampling used to create our
classifier, the number of decision trees in the forest classifier and the decision trees themselves
change with every training iteration. Despite the underlying randomness, our classifiers for all
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subjects still achieve high accuracy.
We denote the random forest classifier function as:
CLAS(xt) = p
O
t ∈ [0, 1] (5.2)
where pOt is the probability of Intent=Open at time t. The converse probability that the user’s
intent is to close the hand is simply pCt = 1 − pOt . We filter and use this result as described in the
following.
5.2.2 Output Processing
We collect raw EMG data xt at a rate of 50Hz. However, the time scale for hand opening
and closing and for pick and place tasks is much lower frequency than the rate at which data is
collected, so classifying individual data points correctly is not as crucial as correctly identifying
a hand motion. To identify these motions, we assume hand posture does not change with high
frequency, which allows us to filter and process the probabilities returned by the classifier.
While filtering raw EMG signals is a common technique, we chose instead to apply our filter
to the results of the classifier. We compute filtered probabilities at time T̂ as:
p̂O
T̂
= MEDIAN(pOt ), t ∈ [T̂ − 0.5s, T̂ ] (5.3)
p̂C
T̂
= MEDIAN(pCt ), t ∈ [T̂ − 0.5s, T̂ ] (5.4)
The 0.5s median filter increases transition delays, but helps eliminate spikes and spurious predic-
tions. 0.5s was chosen because shorter filters resulted in spurious classification errors. Despite the
delay, our subjects reported no noticeable delay between intention initiation and device movement.









against two threshold lev-
els, LO and LC respectively. If p̂O
T̂
≥ LO, then the controller issues an Device=Open (retract
the tendon). If p̂C
T̂
≥ LC , then the controller issues a Device=Closed (extend the tendon). If
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neither condition is met, no new command is issued and the orthosis continues executing the com-
mand from the previous step. The values of LO and LC are set manually by the experimenter
for each subject after completing training data collection, then kept constant throughout all tests.
The thresholds are set with subject feedback such that the control is responsive, but there are no
spurious errors during sustained hand commands.
5.2.3 Integration in Multimodal Framework
As described so far, the EMG control can be used standalone; additional details on its per-
formance with stroke patients can be found in the study by Meeker et al. [60]. However, for the
purpose of multimodal control, we introduce a number of changes. We use the same eight sen-
sor EMG armband (Myo) and a similar pattern recognition algorithm as previous work introduced
above. The main difference in this work is that we aim to predict three possible user intentions
rather than two: to open the hand (Intent=Open), to close the hand (Intent=Closed), and to relax
(Intent=Relaxed - newly introduced here). The addition of the Intent=Relaxed class allows the
user to open the hand using the exotendon device, and then relax their hand while they are posi-
tioning their arm, for example in order to execute a pick and place task, without having to continue
to exert effort to keep the hand open. We believe this approach can help avoid muscle fatigue.
To classify user intent at a given time, we input the EMG signals collected at that time into
a random forest classifier. The classifier outputs three values, each being the probability that the
EMG signals belong to a corresponding intent class. These three probabilities are put through a
median filter (0.5 s window) in order to eliminate spurious predictions. Finally, we compare the
output probabilities from the median filter to three manually set thresholds. If the probability for
a class exceeds the threshold, we classify the end result as belonging to that class. The end-result
belongs to either the Intent=Open, Intent=Relaxed, or Intent=Closed class. We assign thresholds
such that only one class can exceed a threshold at a time. If none of the thresholds are exceeded,
the intent remains the same as at the last time step.
The EMG control can then issue motor commands to the exotendon device based on the pre-
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dicted user intention. If the EMG control predicts that the user’s intention is Intent=Open, the
device is commanded to open (retract the tendon, thus extending the fingers). If the user’s in-
tention is Intent=Closed, the device is commanded to close (extend the tendon, thus allowing the
user to flex the fingers). If the predicted user intention is Intent=Relaxed, we continue to send the
previous motor command to the device.
5.3 Multimodal Control
We propose two types of multimodal control. Subjects in our target population display a wide
range of impairment patterns. Some cannot maintain a “close” EMG signal, and others have more
voluntary finger extension. A single sensing modality is limited due to the various impairment
patterns; similarly, multimodal sensing is limited if it does not fit the subject’s impairment pattern.
We propose one kind of multimodal control where bend sensors detect the user’s intention to
open the hand, and EMG sensors detect the user’s intent to close the hand. The other multimodal
approach uses pressure sensors to detect the user’s intent to close the hand, and EMG sensors to
detect the user’s intent to open the hand. The multimodal approach used for each of our subjects
was chosen based on a qualitative analysis of their abilities, such as range of voluntary finger
extension, and ability to maintain EMG signals.
Bend to Open, EMG to Close: The first multimodal control uses bend sensors to determine
when the exotendon device should open, and EMG sensors determine when the device should
close. Subjects who use this control would typically have the ability to initiate finger extension,
but be unable to achieve functional extension and have difficulty maintaining an “open” signal for
EMG.
To determine user intent based on voluntary extension, we collect data from the four bend
sensors built into the orthosis. In the current version, the therapist determines which of the subject’s
fingers has the greatest range of voluntary motion and we focus on bend data from that specific
digit; in the future, we plan to integrate the data from all four sensors. Bend data is then passed
through a moving mean filter with a window size of 0.25 s. We take the derivative of the resulting
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signal, which we refer to as ∂b
i
∂t
(where the subscript i denotes the digit found to have the highest
voluntary range of motion). Motor commands are sent as follows:




exceeds a given threshold LB, the device is commanded to open (retract the
tendon).
• When the orthosis is in the Device=Open position (tendon fully retracted, or motor stalled)
and the EMG classifier predicts Intent=Closed, the device is commanded to close (extend
the tendon).
• If neither of the above conditions are met, we continue to send the previous motor com-
mand to the device.
The threshold LB is determined based on the training data collected in the procedure described
in Section 5.3.1. For the training dataset, we find the local maxima of ∂b
i
∂t
while we ask the subject
to try to open. We select the smallest value between the local maxima as LB. If necessary, the
experimenter will manually tune the threshold so the control can enable tasks. After the threshold
is set, it is kept constant throughout all tests performed by the subject.
When the device is in the Device=Closed position, EMG signals are ignored, as are bend sig-
nals when the device is in the Device=Open position. Furthermore, our control will not switch
motor commands while the device is transitioning from Device=Open to Device=Closed or from
Device=Closed to Device=Open. We note that although this consideration can reduce rapid oscil-
lations in the motor command, it is limiting if the subject only wants to open their hand halfway
and then close again, for example, when grasping small objects. If the subject starts closing their
hand before the motor is done transitioning, they will encounter resistance from the orthosis until
the transition finishes and the control issues another command to the motor.
EMG to Open, Pressure to Close: For the second kind of multimodal control, EMG sensors
determine when the exotendon device should open and the pressure sensors determine when the
device should close. Subjects who use this control typically have a clear EMG muscle pattern for
“open” and difficulty maintaining a “close” signal for EMG.
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To implement this control, we use data from the thumb pressure sensor. As with bend data,
the raw signal is first passed through a moving average filter with window size 0.25 s; we then
compute the derivative of the output ∂p
∂t
. Motor commands are sent as follows:
• When the orthosis is in the Device=Closed position (tendon extended allowing fingers
to flex) and the EMG classifier predicts Intent=Open, the device is commanded to open
(retract the tendon).
• When the orthosis is the Device=Open position (tendon fully retracted, or motor stalled)
and ∂p
∂t
exceeds threshold LP , the device is commanded to close (extend the tendon).
• If neither of the above conditions are met, we continue to send the previous motor com-
mand to the device.
The threshold LP is set with a procedure similar to the one previously described for the bend
threshold LB this time using training data while the subject is being asked to try to close. Again,
we do not issue new commands while the device is transitioning between states.
5.3.1 Training with the Exotendon Device
Stroke subjects often produce EMG patterns which change dramatically depending on arm
position, even if the subject’s intention to open, relax or close the hand remains the same. These
EMG patterns are further changed by the hand’s physical interaction with the exotendon device.
We therefore train the subjects with their arms in different positions and the exotendon device in
different states.
We design our training protocol as follows: the exotendon device starts in the closed state
(tendon is fully extended) and the subject is asked to relax. Then the subject is asked to try to open
their hand. The experimenter waits three seconds, and as the user continues to try to open, the
experimenter opens the exotendon device (retracts the tendon) to extend the subject’s fingers. The
subject continues to try to open for three seconds after the exotendon device is fully opened and
is then relaxes. Next, the subject is instructed to close their hand. The experimenter waits three
seconds and then closes the device. The subject continues to try and close for three seconds after
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the device has fully closed and then is instructed to relax. During training, subject intent, or ground
truth, is given to the program by the experimenter as they simultaneously provide participants with
verbal commands.
The subject repeats the above procedure five times. The first two times, the subject’s arm rests
on the table, and the next three times, the subject raises their arm off the table.
5.4 Experiments
We evaluate the feasibility of our multimodal controllers when used by subjects with different
impairment patterns, using EMG control as a baseline. We selected patients whose EMG patterns
showed signs of being abnormal, affected by fatigue and interaction with the orthosis (which, in
our experience, is commonplace), but who were still able to complete pick and place tasks using
EMG control. Our multimodal control is designed to be robust to different impairments, so we
chose subjects with distinct patterns.
We note that, in this current version of the study, the experimenter plays the important role of
selecting the appropriate control mode for a patient. We believe this approach serves to establish
the feasibility of multimodal sensing in our context, but is also applicable to real-life scenarios,
where an experienced clinician can make similar decisions based on patient observations. Never-
theless, we hope to automate this aspect of the procedure in future work.
Testing was performed on four chronic subjects with a spasticity level of two or less on the
MAS. Subject clinical information can be found in Table 5.1. Participants had prior experience
with the exotendon device, in varying capacities. Subjects gave informed consent and all testing
was approved by the Columbia University Internal Review Board, and performed in a clinical
setting under the supervision of an occupational therapist.
The experimenter placed the orthosis on the subject’s hand and made any necessary sizing
adjustments. The subjects were trained using the protocol described in Section 5.3.1.
After training, we asked the subject to perform two types of testing. The first one, designed
to isolate the effects of the chosen control method, consists exclusively of performing open-close
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Subject Gender Affected Limb Fugl Meyer UE Box and Blocks
A F Left 26 0
B F Right 26 0
C M Right 25 6
D M Right 23 0
Table 5.1: Subject clinical information
hand motions. We refer to these as Controller Accuracy experiments. In these tests, we asked the
subject to perform several open and close motions in order to compare the accuracy of the baseline
and proposed controls. The experimenter verbally cued the subjects to open and close their hand
while providing the program with ground truth for the desired motor command.
The second type of test is designed to verify that the multimodal sensory platform we have
developed can be used in a functional context. We refer to these as Pick and Place experiments.
Here, five blocks (1” square cubes) were placed in a square pan on a table in front of the subject.
The subject was required to start with their hand in a relaxed state, grasp a block, transport it over
the median with control and release it onto the tabletop. The task was considered complete when
the subject activated the device to extend the digits and released the block. The therapist timed how
long it took the subject to pick and place each of the five blocks. For each condition, the subject
moved all five blocks three times. Patients were given sufficient time between testing procedures
such that order effects which might have been induced by fatigue were negligible. Each subject
was given three minutes of play time to acclimate to each control.
While we designed our pick and place task to minimize the impact of external factors on per-
formance, the nature of functional tasks renders them replete with factors that impact performance.
Even such a simple task reflects an individual’s shoulder strength, residual fingertip sensation, and
grip strength and is not a pure measure of controller efficacy. The number of clinical tests needed
to average out the significant effects of all of these compounding factors is beyond the scope of
this paper. We therefore rely on Controller Accuracy to evaluate the proposed controls isolated
from other factors, and use Pick and Place experiments simply to illustrate their feasibility in a
functional context. For this reason, all subjects completed Controller Accuracy testing, but only
54
Transitions
Condition Control Type Global Accuracy PPV NPV CorrectFalse
Regular
EMG 77.9% 77.1% 78.8% 4/7 0.5
Multimodal 83.4% 81.6% 84.9% 6/7 1.5
With arm support
EMG 85.2% 85.6% 84.8% 8/9 2
Multimodal 86.0% 86.6% 85.6% 8/9 0
Table 5.2: Results for controller accuracy
Subjects A and B completed Pick and Place testing.
In stroke subjects, fatigue and abnormal coactivation [20] can cause EMG patterns to change
over time. To study these effects, we also asked the subjects showing most pronounced effects of
fatigue and abnormal co-activation (subjects B and D, as observed by the experimenter) to perform
all experiments a second time, in a different condition: wearing an arm support system which aids
arm movement through gravity compensation. Testing with and without the arm support system
helps us evaluate when the multimodal control is most effective.
During testing, subjects were unaware of the control mode they were using. The controls
should be intuitive, so subjects were merely instructed to try to open and close their hand.
5.5 Results
For Controller Accuracy testing, we compare the output of the EMG and multimodal controls
to the ground truth provided by the experimenter. At each time point, the controls can correctly
predict an open (true positive), correctly predict a close (true negative), incorrectly predict an open
(false positive) or incorrectly predict a close (false negative). We report the global accuracy, the
positive predictive value (PPV), and the negative predictive value (NPV) for our classifiers [66].
Global accuracy is the number of true predictions (positive or negative), divided by the number
of total predictions. PPV is the number of true positives divided by the number of all positive
predictions (whether true or false). NPV is the number of true negatives divided by the number of
all negative predictions.
Global accuracy can be misleading for EMG pattern recognition controls [66], so we believe
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Table 5.3: Results for pick and place tasks
another important metric is the ability to correctly identify transitions between motor commands.
A transition is defined as a change in motor command, and a correctly identified transition means
a predicted transition which occurs within 1.5 seconds of the ground truth transition. 1.5 seconds
allows enough time for the experimenter to give the verbal command and for the subject to react
and start performing the motion. (We found that the subjects would often raise their arm off the
table before they attempted the instructed hand motion, which increased reaction time.) The correct
transitions are reported with the total number of ground truth transitions. Success for this metric
is a number of correctly identified transitions that is close or equal to the total number of ground
truth transitions. We also report the number of false transitions, or transitions which do not have
a corresponding ground truth transition. These transitions cause motor oscillations, confusing and
frustrating the user. Success for this metric is a number of false transitions close to zero.
The results for the Controller Accuracy experiments are shown in Table 5.2. We averaged
across subjects and show results for experiments performed with arm support (Subjects B and D)
and without arm support (all participants). For the Pick and Place testing, we report the time to
pick each block and the total time to pick all five blocks, averaged across three trials, and standard
error (Table 5.3). We show results for subjects with arm support (Subject B) and the average result
without arm support (Subjects A and B).
5.6 Summary
In this chapter, we incorporated EMG, bend, and pressure sensors into an exotendon framework
to create a multimodal sensing and interaction platform for a hand orthosis. We believe the future
of robust controls for orthoses involves multiple sensing modalities which complement each other
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to inform controls. The bend and pressure sensors give us information about user intent if subjects
display certain impairment patterns we have observed in many stroke patients.
We proposed two multimodal control modes, tailored to the different impairment patterns we
have observed. Controls that can cope with many impairment patterns are necessary because these
patterns vary across subjects; one patient could even display several patterns as they undergo ther-
apy post-stroke. This is a preliminary study with a limited sample size; however, our results showed
that multimodal controls can be adapted to different impairment patterns and can help functional
tasks. This is the first step towards the development of robust, flexible controls, which could play
an important part in deploying robotic rehabilitation to a large population of stroke patients.
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Chapter 6: Rehabilitative and Assistive
Performance via Long-term Training
Our studies described in the previous chapters have established the basic operation principles of
the device: in limited case series with stroke survivors, we have shown that our exotendon network
can facilitate finger extension to enable gross grasp/release (Chapter 3) via a small, wearable motor
relying on effective force transmission mechanisms (Chapter 4), and that, for a subset of patients,
we can infer the intent to open and close the hand when the orthosis is used in conjunction with a
commodity EMG armband [60]. However, clinical performance of this device and the importance
of training effects over longer-term use have yet to be investigated. This is an important step for
the device because not only does it have to prove its robustness and safety for a long term use, but
we can also learn capabilities and limitations of the device as a rehabilitative and assistive tool in
a functional context.
In this chapter, we present clinical outcomes of chronic stroke patients using our hand orthosis
for a monthly training. 11 chronic stroke patients with moderate muscle tone (MAS ≤ 2 in upper
extremity) participated in a 12 training program, comprising 3 sessions per week for 4 weeks, and
each subject practiced a variety of grasp and release tasks with every day object to simulate ADLs.
We evaluated their performance with a battery of clinical assessments pre- and post-intervention
FM for upper extremity, ARAT, and BBT.
In order to determine the efficacy of the orthosis as a rehabilitative device, we compare clin-
ical outcomes both pre- and post-intervention without device assistance. To distinguish between
recovery throughout the entire upper limb and more localized improvement of the distal segments,
we subdivide FM into shoulder/elbow (FM-proximal) and wrist/hand (FM-distal). To determine
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Figure 6.1: Left : Exotendon device and EMG armband used in this study. Note that the device is
the same as the one (without bend and pressure sensors) used for the multimodal intent detection
study. Right : Functional movement training with a wearable hand orthosis.
efficacy when used as an assistive device, we compare baseline performance pre-intervention with
post-intervention performance while wearing the device. Our goal is to determine if increased
competence using the device from a month-long training program leads to increased performance
in tasks requiring grasp, transport, and release of objects while wearing the orthosis. We examine
the assistive capability through ARAT and BBT scores measured while the users are wearing the
robot. Finally, we compare performance for our two intent inferral methods, namely EMG and
shoulder harness controls, used to drive the hand device during both training and post-testing.
6.1 Exotendon Device and Intent Detection
As discussed previously, chronic stroke patients with hemiparesis often experience functional
disuse of their hand. In this chapter, we focus on the most common impairment patterns, a flexor
synergy pattern where individuals may be able to actively flex their fingers to form a gross grasp,
but are unable to volitionally extend their fingers to release the grasp. By assisting finger extension,
our device enables users to harness their residual function and incorporate their impaired hand
into functional grasp and release tasks. We utilize the same exotendon device without bend and
pressure sensors introduced in Chapter 5. Note the device specification is listed in Table 6.1. Next,
we explain the intent detection methods we used for the protocol.
Our goal for this robotic device is for the patient to initiate robotic assistance by signaling the
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Weight 365 g
Motor gear ratio 47:1
Extension/retraction time 1.8 sec
Maximum extension force 100 N
Donning time 15 mins
Doffing time 1 min
Table 6.1: Device specification.
intent to open the hand (when the motor retracts, providing assistance for finger extension), or to
close (when the motor extends, allowing the fingers to flex). We provide two methods for detecting
the intent of the patient, and compare them here.
6.1.1 Intent Detection via Ipsilateral EMG Signals
The first method utilizes ipsilateral forearm surface EMG control described in Section 5.3. This
approach relies on a pattern recognition algorithm to detect user intention based on data collected
by commercial armband (Myo by Thalmic Labs) equipped with eight sensors, and does not require
precise sensor placement. The armband is placed approximately one inch proximal to the splint to
avoid contact with the motor.
While previous work has shown that intuitive control is indeed possible, it has also highlighted
a number of challenges. EMG signals are inherently abnormal in patients with hemiparesis and
can be distorted by spasticity and fatigue [12, 64]. As a result, when working with stroke patients
while engaged in functional tasks, we found our current EMG-based intent detection method to be
effective only for a subset of patients.
6.1.2 Intent Detection via Contralateral Shoulder Movement
To account for this phenomenon, we introduce here a second intent inferral method, using
contralateral shoulder movement. This approach, often used for body powered upper limb pros-
theses [94], provides a more robust control compared to EMG, as it relies on the unaffected side.
Additionally, compared to other non-EMG control methods, such as a button switch [41], it enables








Figure 6.2: EMG armband or SH, depending on the assigned group, send biophysical data to a
computer through bluetooth or microcontroller unit (MCU). In the computer, intent detection al-
gorithm classifies the intention and generate a motor command. Then, the command is transmitted
to the motor through the MCU.
tion of functionality, rather than neurorecovery. It has the disadvantage of requiring the patient
to engage in additional movement (elevating the contralateral shoulder) with the only purpose of
providing a signal for our device. Such movement can be unintuitive, and of limited rehabilitative
value. However, it may follow that improvements in functional use result in improved proximal
strength and bilateral integration.
In our work, a shoulder harness is worn on the unimpaired upper extremity and used to detect
shoulder movement. When shoulder depression is detected, the device retracts to trigger hand
opening through finger extension (Fig. 6.3). Shoulder flexion was ruled out to control release, as
it promoted a flexor synergy in the affected limb, while shoulder depression (often coupled with
relaxation/exhalation) appeared more favorable to facilitate release. Conversely, when shoulder
elevation (shrug) is detected, the device extends to allow hand closure via finger flexion.
A load cell (Futek, FSH00097) is installed in series with a suspender to measure the tension
in the harness, and an extension spring which eases discomfort caused by the tension connects a
belt and the suspender. Two different thresholds on the load cell signal are used to detect shoulder
elevation and depression in order to prevent unnecessary motor oscillation. The thresholds are
manually calibrated at the beginning of each session. In the rest of this study, we will refer to this
intent inferral method as SH, shorthand for shoulder harness.
The main advantage of the contralateral SH intent inferral method over EMG is its robustness
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Figure 6.3: Exotendon device with SH method.
Figure 6.4: Real world objects used for treat-
ment.
to differences in impairment patterns, since it relies exclusively on the unimpaired side. Still, we
believe that the potential advantages of ipsilateral EMG control (more intuitive motor commands,
closing the loop on the affected side) outweigh the SH robustness advantage, as long as EMG
control is applicable.
6.2 Clinical Intervention
In order to evaluate our active hand orthosis, we performed a clinical study aiming to quantify
its performance as either a rehabilitative or assistive device. The three main characteristics of the
study included the following. First, each training session consisted of user-controlled functional
interaction with everyday objects and simulated ADLs. This is intended to emulate use of the im-
paired upper limb outside of clinical settings, which is our directional goal for the project. Second,
each patient underwent twelve 30 minutes training sessions, distributed over the course of one
month. The relatively large number of sessions (compared to our previous feasibility studies) was
required both to study rehabilitative effects, and to allow patients to develop familiarity with the
device and its controls, in order to quantify performance as an assistive device. Third, our outcome
measures post-intervention included clinical assessments performed both assisted (with the device
on, in order to study assistive performance) and unassisted (without the device, in order to study
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rehabilitation effects). Results were compared to baseline measures without using the device. We
present the details of our clinical intervention next.
6.2.1 Participants
Total twelve community-dwelling individuals with chronic stroke volunteered to participate in
the study and met inclusion criteria. Inclusion criteria were:
• Stroke diagnosis at least 6 months prior to start of study
• Passive range of motion: Wrist to neutral, Digits within normal limits
• Moderate muscle tone, i.e., Modified Ashworth Scale (MAS) ≤ 2 in digits, wrist, and elbow
• Active range of motion: At least 30 degrees shoulder flexion, 20 degrees shoulder abduction,
20 degrees elbow flexion, finger flexion within functional limits
• Strength: At least trace palpable finger extension
• Able to successfully flex the fingers to form a grasp
• Unable to extend the fingers fully without assistance
• Intact cognition to provide informed written consent
Exclusion criteria were:
• Concurrent participation in another study
• Comorbid orthopedic condition/pain limiting functional use of the impaired upper extremity
• History or neurological disorder other than stroke
• Excessive spasticity (MAS > 2)
• Recent botox injection to the affected limb (< 13 weeks)
63
5 participants had prior experience with the exotendon device in varying capacities, but not
within 6 months before start of the protocol. All subjects gave informed written consent to par-
ticipate and the protocol was approved by the Columbia University Medical Center Institutional
Review Board. Participants were primarily recruited through a pre-existing, IRB-approved, re-
search registry of stroke patients. Additionally, physiatrists in our clinic referred some of their
patients. The trial was registered on ClinicalTrials.gov (NCT03767894). All training and testing
sessions were performed under the supervision of an occupational or physical therapist.
6.2.2 Outcome Measures
Baseline Assessments
All clinical assessments were performed by an occupational therapist who was not involved in
the training protocol, though blinding was not possible in this study design. For all testing sessions,
the MAS was performed first since other measurement tools can cause fatigue. After the MAS, the
FM, ARAT, and BBT, were administered in a randomized order to limit order effect. FM for upper
limb is an impairment level measure of body structures that evaluates reflexes, motor function, and
joint range of motion of the upper limb [24], ARAT is an activity level assessment that involves
specific grasp, grip, pinch, and gross motor tasks for the upper limb [57], and BBT is an activity
level assessment that tests unilateral pinch and manual dexterity in a timed manner [59]. The
maximum score on the FM for upper limb is 66, and the FM can be subscaled into FM-proximal
(42/66), and FM-distal (24/66). Its estimated Minimal Clinically Important Difference (MCID)
ranges from 4.25 to 7.25 [67]. The maximum score on the ARAT is 57, and anchor-based MCID
of the ARAT for chronic stroke is 5.7 [93].
Post Assessments
To evaluate rehabilitative and assistive effects of the training, participants completed post-
testing assessments, split over the course of two sessions to avoid fatigue. One session involved
administration of the FM, ARAT, and BBT without robotic assistance, while the other session in-
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volved administration of the ARAT and BBT with robotic assistance. The order of post-testing
days was also randomized. The FM was only performed at post-testing without robotic assistance
because the FM assesses capacity of the arm primarily through gross motor tasks, and compar-
atively few grasping and pinching tasks. We thus presumed that robotic assistance would have
minimal influence on FM scores.
Post-testing without the device assesses motor recovery after robot-assisted training whereas
post-testing with robotic assistance evaluates the assistive aspects of the device. We assumed that
the proposed intent detection methods, particularly EMG-based, will take time for users to learn,
so the clinical assessments are performed after 12 training sessions in order to allow competent use
of the device.
Statistical Analysis
FM and ARAT can be sub-scaled. The FM has two sub-scales: FM-proximal evaluates the
shoulder and elbow, while FM-distal evaluates the wrist and hand. The ARAT has 4 sub-scales:
grasp, grip, pinch, and gross movement. In addition to total scores, we were interested in evaluating
grasp components as those are our targeted areas of intervention. To determine statistical signifi-
cance, we provided p-values for gains between baseline and post-testing scores, in both conditions
as applicable.
Our comparisons include baseline performance against post-testing without robotic assistance
for rehabilitative effects, and baseline against post-testing with robotic assistance for assistive ef-
fects. One might argue that comparisons of baseline and post-testing with robotic assistance are
coupling the rehabilitative and assistive effects of the device after 12 training sessions. In this line
of reasoning, purely assistive effects would be highlighted by comparing post-testing assisted vs.
post-testing unassisted results. However, we consider that the training component needed to get
competent of the device is an intrinsic part of its use as an assistive tool. We therefore chose to use
baseline against post-testing with robotic assistance results in our discussion of assistive effects.
For completeness, however, we also include the comparison of post-testing assisted vs. post-testing
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unassisted in our report.
We tested all the clinical outcome data and gains for normal distribution based on the residuals
of our dependent variables with Shapiro-Wilk and visually with Q-Q plots. We also tested the
homogeneity of variance using the Levene test. FM and its subsections, ARAT, ARAT-grasp, and
ARAT-grip passed the normality and homogeneity test, and we applied paired sample t-tests. On
the contrary, ARAT-pinch, ARAT-gross movement, and BBT failed the normality test. Therefore,
we applied a nonparametric paired sample Wilcoxon test which does not make assumptions of
normality or homogeneity of variance. Statistical significance was determined at p < 0.05.
Even with multiple number of comparisons we made, the reason why we did not apply analysis
of variance (ANOVA) is because we did not consider the outcomes as repeated measures. Rather,
we consider that the post-testings with robotic assistance and without assistance were assessed
simultaneously and independently even though we had to separate the sessions in order to avoid
fatigue effects. A similar approach can often be found in the literature, most directly related to
us in a study of a soft wearable hand robot [75]. The authors also included multiple comparisons
and applied paired sample t-tests and Wilcoxon tests for non-repeated measures. ANOVA and
Friedman tests with corrections were applied only for repeated measures. In addition, we compare
between the two intent detection methods based on gains, but this was not the primary objective of
this work; we do not draw any general conclusions regarding the suitability of one control method
over the other for hand orthoses. Given the exploratory nature of this pilot study, we chose to report
the results here without Bonferroni correction applied to the statistical significance thresholds for
non-repeated measures, an approach widely supported in the literature [3, 69, 86].
6.2.3 Protocol
After participating in the informed consent process, all participants were screened for inclusion.
Those who were included then performed baseline measurements. During the next screening visit,
each participant was fitted with the exotendon device to avoid hyper-extension and was screened
with the EMG classifier to determine which control method they would use for the duration of the
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study. During the control screening, a classifier was trained with the subject’s EMG signals, and
the user was instructed on how to use the control. The user was asked to open, relax, and close
their hand three times each, with the forearm on and off the table. If our EMG method was able to
classify the user intention correctly under all conditions, and the user could maintain each signal
for at least 2 seconds on every attempts, the user was assigned to the EMG group. Otherwise, the
participant was assigned to the SH group.
We allowed the use of a mobile arm support (Saebo MAS) for participants who were clini-
cally observed to have significant difficulty performing the training protocol even with frequent
rest. Criteria for use of the arm support included weakness (2-/5 to 3-/5 muscle grades for elbow
flexion and shoulder flexion, abduction, and rotation) and significant fatigue limiting functional
performance as observed by the therapist. The subjects who met the criteria used the arm support
for the duration of training at a set level of support. The level of support was customized for each
subject by the therapist in order to optimize their ability to perform functional tasks and limit the
impact of shoulder fatigue on grasp training.
Each participant completed 12 training sessions, three times per week for four weeks. Each
training session was between 60-90 minutes including time for set up, system classification, don-
ning/doffing the device, and rest breaks as needed. Participants completed 30 minutes of active
training during each visit. After the 12 sessions, participants completed two days of post-testing
as described above as well as a questionnaire for subjective feedback on their experience.
6.2.4 Training
The series of selected tasks reflect best-practice in upper limb prosthetic training (controls
training, repetitive drills, and bimanual functional skills training) [38]. During controls training,
participants were educated on the device operation and demonstrated proficiency in doing so absent
any objects or functional tasks. Participants then advanced to repetitive drills, which incorporated
an array of objects of various shapes, sizes, and densities (Fig. 6.4).
Before donning the device, the therapist performed 5 minutes of passive range of motion to all
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joints of the upper limb to help mitigate fluctuations in tone across sessions. Then, the patient wore
the device. During each session, participants completed 30 minutes of active training. Occasion-
ally, breaks were provided if a patient requested due to fatigue or if any technical issues arose with
the prototype device that required an adjustment be made during the session.
The training protocol was always carried out in the same order, with basic tasks first, progress-
ing to more complex tasks. We describe the list of tasks performed by subjects during each session
next.
The following tasks were repeated 5 times with the participant’s forearm resting on the table
top (supported reach) and then 5 additional repetitions with their forearm lifted off the table (un-
supported reach) to simulate functional reach. Participants were asked to pick up, briefly hold, and
release the following objects:
• 2.5 cm wooden cube
• 5 cm wooden cube
• tennis ball
• 4 cm diameter toiletry bottle
• 13 cm tall, tapered, hard plastic cup
These 5 items were positioned in various locations to optimize the functional envelope. The
items were then arranged on a tray with 1 inch raised lip and participants removed all 5 items from
the tray twice, and then replaced all items onto the tray twice.
Next, participants picked up and released the following irregularly shaped objects twice each:
• cotton ball
• 1 inch rubber ball
• washcloth
Lastly, participants advanced to bimanual functional skills training to best simulate real-life
conditions and the additional physical and cognitive challenge of operating the device without
exclusive attention to its performance. The tasks were completed twice each with participants
using their affected hand to stabilize and their unaffected hand to perform manipulation:
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• removing and replacing the cap from a broad line marker
• removing and replacing the cap from a standard tube of toothpaste (screw off)
• removing and replacing the cap from a screw top beverage bottle
• removing and replacing the wide mouth screw cap from large coffee container
• using a wooden spoon to stir in a small bowl for 10 seconds (affected hand stabilized
bowl)
• using a butter knife to make 2 cuts in a ‘log’ of theraputty to mimic cutting food (affected
hand stabilized theraputty)
• opening a lock with a key (affected hand held lock)
• opening a sealed sandwich-size ziploc bag.
Some participants were not able to complete the full training protocol during each session.
In that case, they stopped after 30 minutes of training and the last completed task was recorded.
Some participants would complete the full protocol in less than 30 minutes. In that case, they
continued working on grasp, transport, and release tasks of their choosing (to be client-centered)
with oversight from the therapist for the duration of the 30 minutes.
6.3 Results
Among 12 enrolled individuals, 11 subjects (6 males and 5 females) completed the training and
evaluations. One participant dropped out prior to the first training session due to a medical issue
unrelated to the study, therefore all analysis is of 11 subjects. Years since stroke ranged from 2 to
22 years. 9 patients had ischemic, 1 had hemorrogic, and 1 had unknown type of stroke. There
were 4 left affected and 7 right affected patients. 10 patients were right hand dominants and 1 was
left hand dominant. 6 participants were screened to use EMG method and 5 subjects were assigned
in SH group. Note that the subjects screened to the EMG group tended to have more functional
use of their impaired upper limb at baseline, as noted by pre-testing scores compared to those
assigned to the SH group (Table 6.2). We examine the difference in clinical outcome between the
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Assessment
EMG group SH group All subjects
(n=6) (n=5) (n=11)
FM-Distal 4.5 2 3.4
FM-Proximal 23.2 20.6 22
FM-Total 27.7 22.6 25.4
ARAT 16.5 9.8 13.5
BBT 7.2 0.8 4.3
Table 6.2: Baseline characteristics
two groups in this section as well. One subject used the arm support for training.
6.3.1 Fugl-Meyer Upper Extremity Scale
The complete results for FM are shown in Table 6.3. We note that, at baseline, ten subjects had
‘no to poor’ upper limb capacity (<31) and one subject had ‘limited capacity’ (between 32 and 47)
as defined in [28] on the FM. After the treatment, 8 subjects showed improvement, but 3 subjects
did not; individual subject results are shown in Fig. 6.5. Overall, the participants showed positive
trends with a mean gain of 2.64 points (t-test, n = 11, p-value = 0.026). EMG group had a mean
gain of 2.67 points (t-test, n = 6, p-value = 0.114) and SH group improved by 2.6 points (t-test, n
= 5, p-value = 0.076) without statistical significance.
To further understand the implications of the results, we analyze the FM into two subtests, FM-
distal and FM-proximal. FM-distal, hand and wrist segments, improved significantly with a mean
gain of 2.27 points (t-test, n = 11, p-value = 0.001) while significant improvement was not achieved
in FM-proximal (t-test, n = 11, p-value = 0.372), shoulder and elbow segments. 86% of the total
mean gain (2.64 points) was attributed from the FM-distal. This is particularly notable given that
the overall FM is more heavily weighted proximally, with more items in the FM-proximal (42/66)
compared to FM-distal (24/66).
6.3.2 Action Research Arm Test
Complete ARAT results are shown in Table 6.4. Positive mean gains of 1.33 points (t-test, n
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Figure 6.5: FM(left) and ARAT(right) scores. Subject 5 dropped out due to a medical issue unre-
lated to the study.
were achieved without statistical significance when ARAT was tested without robotic assistance
post treatment. For post-testing with robotic assistance, the EMG group performed worse by 2.5
points (t-test, n = 6, p-value = 0.083) whereas the SH group showed mean gain of 2.2 points (t-test,
n = 5, p-value = 0.07) (Table 6.4). The most notable improvement in a subcategory was observed
in the Grasp category, with mean gain of 2.4 points (t-test, n = 5, p-value = 0.026) in the SH group
and 1.17 points (t-test, n = 6, p-value = 0.055) in the EMG group. Mean gains were negative in
all other categories (Table 6.4). We also provided ARAT scores post-training with robotic assis-
tance compared to post-training unassisted score in Table 6.4 to examine rehabilitation-assistance
coupling effect, but there was no noticeable coupling effect.
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Category
EMG group SH group All subjects
(n=6) (n=5) (n=11)
Distal 3 (0.007) 1.4 (0.026) 2.27 (0.001)
Proximal -0.33 (0.415) 1.2 (0.258) 0.36 (0.372)
FM-Total 2.67 (0.114) 2.6 (0.076) 2.64 (0.026)
Table 6.3: Mean gains (P-values) without robotic assistance from FM post-intervention. Bold data
are statistically significant (P<0.05).
Category
Robotic EMG group SH group All subjects
Assistance (n=6) (n=5) (n=11)
Grasp
(A) 0.67 (0.143) -0.6 (0.323) 0.09 (0.444)
(B) 1.17 (0.055) 2.4 (0.026) 1.73 (0.004)
(C) 0.5 (0.228) 3 (0.001) 1.64 (0.007)
Grip
(A) 0.33 (0.182) 1.4 (0.103) 0.818 (0.054)
(B) -1.8 (0.029) 0.8 (0.169) -0.64 (0.176)
(C) -2.17 (0.011) -0.6 (0.104) -1.46 (0.001)
Pinch
(A) -0.17 (0.564) 0.4 (0.317) 0.09 (0.705)
(B) -1.83 (0.068) 0.2 (0.317) -0.91 (0.104)
(C) -1.67 (0.102) -0.2 (0.655) -1 (0.077)
Gross
Movement
(A) 0.5 (0.317) 0.2 (0.655) 0.37 (0.271)
(B) 0 (1) -1.2 (0.109) -0.55 (0.161)
(C) -0.5 (0.45) -1.4 (0.102) -0.91 (0.079)
Total
ARAT
(A) 1.33 (0.111) 1.4 (0.286) 1.36 (0.12)
(B) -2.5 (0.083) 2.2 (0.07) -0.36 (0.385)
(C) -3.83 (0.032) 0.8 (0.307) -1.72 (0.103)
Table 6.4: Mean gains (P-values) from ARAT post-intervention. Bold data are statistically signif-
icant (P<0.05). (A):Post-training unassisted compared to pre-training, (B):Post-training assisted
compared to pre-training, (C):Post-training assisted compared to post-training unassisted.
6.3.3 Box and Block Test
BBT results are shown in Table 6.5. At baseline, 7 participants scored 0 point, while 4 subjects
scored between 4 to 23 points. The 7 participants without any baseline function were able to im-
prove with mean gains of 2 points (Wilcoxon, n = 7, p-value = 0.026) when assisted by the robot,
but more functional subjects performed worse both with and without the device. For the subjects
without the ability to pick up any blocks at baseline, the robot served as an assistive device to
improve function. BBT scores decreased in the EMG group both with (-4.3 points, Wilcoxon,
n = 6, p-value = 0.4) and without (-1.8 points, Wilcoxon, n = 6, p-value = 0.285) robotic assis-
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(A) (B) (C)
Non functional (n=7) 0.29 (0.317) 2 (0.026) 1.71 (0.072)
Functional (n=4) -3.5 (0.141) -9.25 (0.068) -5.75 (0.285)
EMG group (n=6) -1.84 (0.285) -4.34 (0.4) -2.5 (0.916)
SH group (n=5) -0.2 (0.655) 0.6 (0.461) 0.8 (0.414)
Table 6.5: Mean gains (P-values) from BBT post-intervention. Bold data are statistically signif-
icant (P<0.05). (A):Post-training unassisted compared to pre-training, (B):Post-training assisted
compared to pre-training, (C):Post-training assisted compared to post-training unassisted.
tance without statistical significance, while SH group did not show significant difference neither in
assisted score nor unassisted score. We also provided BBT scores post-training with robotic assis-
tance compared to post-training unassisted score in Table 6.5 to examine rehabilitation-assistance
coupling effect, but there was no notable coupling effect.
6.3.4 Survey
After post-testing, participants provided qualitative feedback through an open-ended survey.
Participants generally reported enjoyment, functional improvements, and a desire to continue using
the device. “It encourages me to use my hand more. It gave me the feeling of freedom to use my
hand again.” “I am able to fold and wring out a washcloth.” “If I could, I would wear it at home for
most of the day for everything.” Participants also offered feedback for device improvements such
as reduced wiring, less bulk around finger tips, increased training intensity (time and duration),
and actuation of the thumb tendon for powered pinch.
6.4 Discussion
Overall, we identified trends in the data that suggest this device might serve two distinct pur-
poses for different subsets of the stroke population - namely as a rehabilitation or assistive device.
But, the results also highlight limitations of the device, and point towards possible areas for future
improvements.
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6.4.1 An Active Hand Orthosis for Rehabilitative Effects
From a rehabilitation perspective, we discuss results obtained post-intervention without using
the device, and compared to baseline performance. Positive gains noted on the FM suggest that
training with the device can serve as a rehabilitative tool to remediate some functional use in
the affected upper limb, especially for participants with some degree of baseline functionality. The
gains were largely attained in the FM-distal subtest, indicating that our functional robotic treatment
was beneficial in improving hand functionality as intended. The magnitude of gains on the FM-
distal was larger in the EMG group than the SH group, suggesting that the restorative training
effect may be greater in participants with some residual baseline functioning.
Based on the observation of a positive trend on the ARAT, we posit that increasing the intensity
and duration of the intervention in future studies may lead to increased gains quantified using this
measure. For example, small gains captured on the FM (e.g. ability to actively flex or extend the
fingers) may not be captured on the ARAT because the improvement in range of motion was not
sufficient to translate into increased functional ability (e.g. ability to pick up a small object).
6.4.2 An Active Hand Orthosis for Assistive Effects
We focus here on performance measured post-intervention with the participants actively using
the device, and compare against baseline. ARAT and BBT results suggest that for participants with
minimal to no upper limb baseline capacity, using the robot as an assistive device for long term
compensation to increase functionality in daily life may be feasible.
In the case of ARAT results, the improvement in Grasp category from both the EMG and SH
groups was expected as the device specifically assists with grasping tasks. We speculate that the
differences between groups is related to baseline differences in hand functioning. EMG group
participants tended to have more residual functioning at baseline, often employing compensatory
patterns to achieve grasp and/or pinch, whereas when wearing the robotic device, the bulky finger
components may have impaired their performance by making it more difficult to pick up and place
objects in tight spaces. In contrast, those in the SH group had less functionality at baseline, and
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therefore the device assisted their ability to pick up objects, though they still had similar difficulty
placing objects in tight spaces.
The most encouraging improvement in BBT was observed in participants with no functionality
at baseline. We speculate that the negative gain by participants with non-zero baseline functionality
occurred because these participants were employing functional compensatory pinch patterns at
baseline. Based on our observations, however, training with the device discouraged compensatory
patterns and forced users to grasp and pinch with typical patterns (e.g. finger pad to pad pinching),
leading to poorer performance as participants did not master the new pinch pattern within the
timeframe of the study. We believe additional training time may help, however, it is important to
understand that some patients may be satisfied with their compensatory patterns if they are able to
participate in their meaningful daily tasks.
The outcome measures highlighted a few limitations of the device. Improvement in Grasp
category of the ARAT and negative mean gains in all other categories implies that the device
facilitated grasping of mid-size objects, but not small objects which require pinching. We speculate
this was because the thumb was splinted into a stable opposition position against the other digits.
This had the advantage of reducing actuator load, and we found this pose to be effective when
grasping mid-size objects. However, a static thumb also made it difficult for subjects to stably hold
small objects in a pinching pattern. This behavior likely affected the results in both the ARAT and
BBT tests. We discuss this issue more in Chapter 7.
Another limitation was poor performance of the EMG method due to abnormal muscle synergy
in unregistered upper limb postures. The BBT score drop in the EMG group with robotic assistance
was likely because of unstable EMG classification when the user had to lift the arm higher due to
the partition and height of the box. We note that the training sessions contained no action item that
involved lifting an object higher than the height of the partition (15.2 cm), thus the participants did
not get an opportunity to practice their proximal muscles or learn to control the device while lifting
the arm high in our protocol.
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6.4.3 Limitations
It is important to point out a number of limitations related to study design in this pilot case
series. In particular, we did not use a control group consisting of patient receiving treatment of
similar intensity and duration, but without the use of robotic assistance. However, we note that
meaningful motor recovery with traditional physical therapy for chronic stroke patients with mod-
erate to severe motor impairments is considered rare [21, 39]. In addition, our robotic assistance
enabled training tasks that were not possible for most of the participants otherwise, and thus can
not be replicated with traditional therapy. Furthermore, our study did not comprise a follow up
assessment to observe the durability of gains. We plan to address both of these limitations in the
future.
We also note that assignments between the EMG and SH groups was not performed in ran-
domized fashion, but rather based on the ability of our intent inferral algorithm to classify EMG
signals. As a result, we noticed systematic differences between the groups, with SH participants
generally having lower baseline functionality. This limits our ability to interpret differences in the
results obtained by the two groups.
In addition, we note that rehabilitation studies strive to assess progress using outcome measures
that are at the participation-level, observing and rating how participants perform tasks in real-life
environments. However, the FM measure, considered as the gold-standard in stroke research due
to well established psychometric properties and MCID [67], only assesses body structures at the
impairment level, focusing on the capacity of the upper limb to move. ARAT and BBT are activity-
level assessments that involve observing and scoring participants performing simulated functional
tasks that are shorter in duration and more highly scripted compared to ADLs. We believe cus-
tomized outcome measures that capture higher task variation and allow longer completion times
might be better suited for capturing progress when using robotic devices in an assistive fashion.
While it is important for patients to be able to don and doff a wearable device without assis-
tance, we are still far from quantifying this characteristic. With the current prototype, supervision
is required as it would be for traditional therapy, but in the future as the device is further refined,
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it is hoped that patients will be able to use the device independently at home after initial training
with a therapist.
Finally, we did not conduct any structured interviews or ask the users to rate the device us-
ing standard usability scales. However, participants were asked to provide open-ended, qualitative
feedback about their experience. Furthermore, a trained occupational therapist supervised each
training session and thoroughly monitored for pressure, redness, pain, and any other signs of dis-
tress throughout the study. There have been no complaints from patients reported in this study.
As the system is further refined, we plan to use standard questionnaires, such as System Usability
Scale (SUS) or Likert scale in the future.
6.5 Summary
In this work, we presented clinical outcomes after 12 training sessions for a study using a
robotic hand orthosis. Our device is designed to assist the paretic hand after stroke, focusing
primarily on an impairment pattern characterized by difficulty with active finger extension. Two
main design goals for our device are wearability and user-driven operation: we use two different
methods to infer the intent of the user, and thus to determine when to provide assistance.
Post-intervention FM sub-scores suggest the grasp exercises using a robotic device helped
improve distal movements of upper limb whereas it did not have a significant impact on proximal
segments. This result suggests the possibility for using our orthosis as a rehabilitative device for
the hand. Assisted ARAT scores showed that the device can indeed function in an assistive role
for participants with minimal functional use of their hand at baseline. However, the results should
be cautiously interpreted because of the limited sample size and the fact that the outcomes did
not meet MCID for either FM or ARAT. We are planning to address this aspect through both
improvements to the device and extended training periods in future work.
Our study also underscored limitations of the device. In particular, the device disrupts compen-
satory grasp patterns developed by stroke survivors, leading to an immediate decrease in function-
ality when the device is removed. It is likely that the 12 sessions were not long enough to enable
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learning of new grasp patterns for participants. Furthermore, our current design relies on a static,
passively splinted thumb, which enables gross grasp but is not suited for pinching smaller objects.
Nevertheless, we believe that this work can highlight the potential and feasibility for wearable
and user-driven robotic hand orthoses. Such devices may enable robotic based-hand rehabilitation
during daily activities (as opposed to isolated hand exercises with limited upper limb engagement)
and over extended periods of time, even in a patient’s home environment. Numerous challenges
must still be overcome in order to achieve this vision, related to design (compact devices with
easier donning/doffing), control (robust yet intuitive intent inferral), and effectiveness (improved
functionality in a wider range of metrics). However, if these challenges can be addressed, wearable
robotic devices have the potential to greatly extend the use and training of the affected upper
extremity after stroke, and help improve the quality of life for a large patient population.
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Chapter 7: A Preliminary Study of
Independent Thumb Actuation
The focus of our research on the device described in the previous chapters has been mostly
on the power grasp pattern. While it is true that the ability to gross grasp enables the majority of
pick and place tasks for ADLs, we hope to achieve the dexterity levels needed to enable varied and
useful manipulation. However, dexterity has not been adequately researched although we briefly
investigated the feasibility of single-actuator assistance for a fingertip pinch in Chapter 3.
Results of the study on rehabilitative and assistive performance via long-term training in Chap-
ter 6 capture a limitation of our device in this context. It highlights that the device could facilitate
grasping of mid-size objects, but not small objects, which require a pinching pattern. We speculate
this is because the thumb is splinted in opposition against the other four digits limiting the range
of motion (Fig. 7.1). Since stroke patients often cannot control finger joints independently due to
involuntary muscle synergy, if a target object is smaller than the gap in the 2nd picture the user
would not be able to grasp it. In order to address this problem, we suggest an additional actuation
for pinching and evaluate the design with clinical experiments with stroke patients.
For stroke patients, dexterous manipulation implies that users can be involved in more task-
oriented training with various objects, not just repetitive training with one object in massed practice
sessions in rehabilitation perspective. Also, users would be encouraged to use the affected hand
more often as ADLs become easier with versatile hand functions when used as an assistive device.
Overall, assistance for dexterous manipulation would fulfill our ultimate goal of building a take-
home device for increased motor repetitions.
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Figure 7.1: Example of a stroke patient’s finger motion when using the four fingered exotendon
device with the thumb splinted in a fixed position. If the object size is smaller than the gap between





Figure 7.2: Exotendon device with additional actuation for the thumb (left) and tendon routes for
the thumb (right).
7.1 Designs
Anatomical and kinematic complexity of the thumb movement is high, which makes choice
of design for wearable thumb robots difficult. Also, there is no clear consensus about the thumb
movement mechanism [88]. Therefore, it is important to understand impairment patterns of the
post stroke thumb and focus on a simple, robust, and functional design.
After stroke, the impaired thumb often is flexed inside the palm and other four flexed fingers
cover over the thumb [40]. Furthermore, weakness of stroke patients who only can exert 9% of
flexion strength also makes ADLs more difficult or impossible [92]. In order to address these
impairment patterns commonly found in stroke patients, the assistance should bring the thumb in
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the functional resting posture without limiting the flexion strength of the thumb. In this chapter,
we focus on actuation design for opposition-reposition pattern of the thumb that avoids weakening
the thumb and enables fine grasp activities.
We utilize two exotendons which are routed in the same manner as previous chapters (Fig. 7.2
- right). We include an actuator (Actuonix PQ12-P, 12V, 63:1) with 20mm of stroke in series with
the tendon for extension, which we refer to as “active” tendon here (Fig. 7.2 - left). By actuating
the “active” tendon, we are able to approximate opposition-reposition trajectory. To open the
hand, the “active” tendon is retracted to assist reposition of the thumb, bringing the thumb back
to the resting posture, while the tendon for abduction, which we refer to as “static” tendon here,
remains in tension. To close the hand for grasping, the “active” tendon extends while the “static”
tendon remains in tension, following opposition trajectory of the thumb. Note this design enables
more stable grasp as compared to the previous design since the new design does not limit the grip
strength by allowing longer range of motion.
7.2 Preliminary Experiments
In order to assess benefits of the second actuation for the hand orthosis, we performed a pre-
liminary clinical study quantifying its assistive performance for dexterous manipulation. Through-
out the experiments, we aim to demonstrate the benefits of the thumb routes that reinforce the
opposition-reposition trajectory, quantify maximum grip strengths for stable grasp, and evaluate
the ability to assist pinching a small object. We note that our experimental plan was disrupted due
to external factors, as human subjects work was temporarily paused by the Covid-19 pandemic. As
a result, we can only report here our preliminary results, but a more extensive evaluation is planned
for the near future.
We recruited two subjects who had prior experience with the exotendon device for the exper-
iments. They had had difficulty with pinching a small object when assisted by the device. The
participants had moderate muscle tone (Modified Ashworth Scale ≤ 2 in upper extremity) and
‘no to poor’ upper limb capacity. One subject had right sided impairment and another had left
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Figure 7.3: Weight measurement setup (left) and torque measurement setup (right).
sided impairment. Testing was approved by the Columbia University Institutional Review Board
and took place in a clinical setting under the supervision of licensed physical and/or occupational
therapists.
For each subject, we evaluated grasp performance of various object sets under three conditions:
without robotic-assistance, with the four fingers assisted device with statically splinted thumb, and
with all five fingers actively assisted device. We hypothesize that the subjects would be able to
pinch small objects with the bare hand and with the five fingered device because the thumb range
of motion is not restricted. Also, participants would be able to grasp large objects better when
assisted by the robot regardless of the thumb actuation than without assistance since the subjects
cannot achieve functional extension without assistance.
Under each condition, participants were asked to perform two different tasks to assess grip
force and versatility. The first task emulated weight variation of a cube (mid-size object) and
a sharpening stone (small object) to measure how heavy object a user could lift. The second
task emulated bimanual manipulations to measure stabilization force by affected hand while the
unaffected hand applied torques to open the cap of a water bottle (large cylinder) and a sharpie
(small cylinder). In addition, subject 2 also completed torque measurement using a pill bottle to
see how performance would vary for grasping medium cylinder.
For the weight measurement, the objects were connected to a stiff extension spring, which
served as a noise filter, and then, to a loadcell, which measured the force (Fig. 7.3 - left). We asked
a subject to pick up each object and raise it as high as possible. The higher the subject raised, the
more weight the subject could lift with more stable grasp and stronger grip force. As compensatory
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palm grasp, a common pattern for chronic stroke patients, could cloud the result with raising the
grip force using muscle contraction, we only allowed pad to pad opposition. If the subject was
unable to grasp, lift, and hold the object off the table for at least 5 seconds, the measurement was
0.
For the torque measurement, we used a custom made tool which contained a torsion spring and
an encoder (Fig. 7.3 - right). The subject held and stabilized the object with the impaired hand
while the unaffected hand twisted the top. The subject could keep on trying during the given time
(one minute) for both the weight measurement and torque measurement. Ample rest breaks were
provided between the each task.
7.3 Results and Discussion
The results are shown in Fig. 7.4. Note that the results with a value of 0 (Subject 1 - baseline
performance for cube and sharpening stone tasks and Subject 2 - baseline condition for cube and
sharpening stone and static thumb condition) mean the subject was not able to grasp the object.
Both subjects were not able to lift the cube or sharpening stone without robotic assistance in
weight measurement experiments. Subject 1 could pick up the sharpening stone while wearing
the device, but the thumb actuation enabled higher grip strength and stable grasp. Subject 2 was
not able to pick up the sharpening stone at all without the thumb actuation. This suggests the
participants outperformed both baseline and splinted thumb conditions in unilateral manipulation
tasks using the thumb actuated device.
During torque measurements experiments, the subjects were able to perform equally well or
slightly better using robotic assistance compared to baseline condition. However, robotic assisted
performances were not evidently better because the subjects could use the unaffected hand to ini-
tiate the bimanual tasks as well as used the “saddle area” between the thumb and the index finger
instead of pad to pad opposition for bimanual manipulation with a small object (Marker). There-
fore, the benefits of the device was washed out, especially for small object grasp.
We also noted limitations of the current assessment design. During the torque measurement,
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Figure 7.4: Results of maximum weight and torque measurement experiments.
Figure 7.5: Torque measurement tool mounted with a marker. The subjects took advantage of the
highlighted portion of the tool to increase stabilization force.
the range of motion was determined by the unaffected hand rather than the grasp stability of the
affected hand. Therefore, once the range of motion exceeded a certain angle, the result might be
fairly arbitrary. Furthermore, the subjects shoved the affected hand all the way to the highlighted
portion of the torque measurement tool in Fig. 7.5 to increase the resistive force. Since this is
not a fair measurement, we are planning to verbally instruct and not allow this pattern during the
experiment in future study, and disregard data collected when a subject uses this pattern.
This study was a preliminary investigation for future studies with more subjects and a con-
trolled experiment design across all the participants. For more reliable results, we will need more
data for each task and proper statistical analysis of it. With more tasks to be performed by subjects,
fatigue should be taken into account, and thus the protocol can split over to multiple sessions in




In this chapter, we proposed an additional thumb actuation design on the existing platform
in order to enhance dexterity of user’s impaired hand. Preliminary experiments with two stroke
patients suggested that independent actuation for the thumb can improve an ability to pinch small
object and grasp stability with higher grip strength. While significant additional investigation is
needed, we believe that dexterous and stable grasp assistance means the device promotes the use




8.1 Summary of Contributions
In this thesis, we have introduced a wearable and functional hand orthosis for chronic stroke pa-
tients and evaluated its performance through a number of clinical assessments. Key requirements to
make the device operable without medical supervision are wearability and intuitive control meth-
ods. Also, functional assistance in ADLs should be effective to better promote movement of the
impaired hand. Thus, we focus on wearability, intuitive control methods, and ability to effectively
assist in daily activities for technical and clinical contributions.
A key tenet of our approach is that a hand orthosis can provide meaningful assistance with
daily manipulation tasks within a small and lightweight package. To implement this principle, we
used a network of exotendons or tendons routed on the surface of the hand, used to initiate and
assist movement. Using the exotendon device, we measured the actuation force needed to assist a
whole hand extension in stroke patients. To the best of ourknowledge, this was the first time that
exotendon force needed to overcome spasticity has been measured and reported. Our results also
showed that single-actuator devices are able to elicit multiple full-hand movement patterns relevant
to functional tasks.
During functional activities, stroke patients can exhibit drastically increased muscle tone after
repeated use of their hand and fatigued. To address this problem, we proposed the first transmission
mechanisms by which exotendons can overcome hand spasticity for functional tasks with low
motor forces and no rigid joints, by increasing moment arm around the finger joints throughout
the entire range of motion. We evaluated these mechanisms using mathematical models, artificial
fingers, and tests with subjects from our target population, and confirmed the increased ability to
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generate assistive join torques, and to assist patients in achieving functional hand extension even
when fatigued.
For mechanical hardware to effectively assist in ADLs, the users must be able to operate the
device themselves without distracting from the task at hand. Control methods must be intuitive,
effective, and robust to long-term operations. This is challenging in a functional context because
physical interaction with the impaired hand during complex activities and gives rise to complex,
incompletely understood phenomena. In addition, undesired motor activity typically found in
stroke patients, such as muscle spasticity, abnormal muscle synergies, and post-stroke dystonias,
complicates the reduction in motor control and coordination. To address these challenges, we
developed the first multimodal control schemes for a hand orthosis which leverage natural hand
movement signals (as opposed to side channels such as voice). Our experiments showed that
multimodal control can be adapted to various impairment patterns, and can also be integrated in
fully functional systems, laying the foundation for further development in this direction.
The technical advancements described above all build towards our directional goal of a device
capable of providing assistance for functional tasks, thus incentivizing long-term use with potential
rehabilitative effects. Along this direction, we studied the rehabilitative and assistive performance
of the device via long-term training in order to identify its capabilities and limitations. To the best
of our knowledge, this was the first time an active wearable hand robot was evaluated in clinical
assessments as both an assistive and a rehabilitative device, following user-driven functional hand
exercises over multiple training sessions for chronic stroke patients interacting with real world
objects. 11 chronic stroke patients with moderate muscle tone participated in 12 training sessions
using the orthosis. The subjects were evaluated with a battery of standardized clinical assessments
pre- and post-intervention with and without the device. The results suggested the grasp exercises
using the device helped improve distal movements of upper limb whereas proximal segments did
not show noticeable improvement. Furthermore, the device can indeed function in an assistive role
for participants with minimal functional use of their hand at baseline. Finally, based on lessons
learned in this study, we introduced an additional actuation design for thumb movement. In a
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preliminary study disrupted by external factors (human subjects research limited due to pandemic),
we demonstrated that this feature could make grasping more stable and assist in more dexterous
manipulation.
Taken together, we believe these improvements have advanced wearable hand robot technology
towards a rehabilitative and assistive device that is effective in assisting manipulation component of
ADLs outside of clinical settings. Exotendon network and transmission designs allow a small and
lightweight platform to assist functional tasks effectively and robustly for users. Multimodal intent
inferral provides evidence that customized control for each patient, taking into account different
impairment patterns, could be more effective than single modal methods. The study of rehabilita-
tive and assistive performance via long-term training suggested that functional training for robot
assisted rehabilitation can enhance distal components of the upper extremity, and the device can
also provide functional assistance to patients with severe motor deficit.
8.2 Remaining Problems and Future Studies
The work presented here has opened a number of opportunities for immediate, follow-up work
on concrete issues. For a start, we would like to finish the thumb actuation study with a complete
and rigorous experiment design. The present study introduced in Chapter 7 is not complete and
needs more evidence to prove efficacy of the suggested design. We would like to recruit more
stroke patients who have difficulties in the thumb mobility and collect more data per each subject.
A problem with the current prototype is that our device does not address proximal components
of upper limb, such as forearm pronation/supination, elbow, or shoulder movement. Many stroke
subjects present with abnormal and poor control of proximal movement, and therefore they are
unable to achieve proper pre-grasp postures. For example, if subjects exhibit abnormal default
forearm pronation, they would be disadvantaged from grasping cylindrical objects like cups or
bottles properly. In this case, dexterous manipulation capability would be severely affected. For a
hand device to be meaningful for wide variety of population, this device would need be integrated
with additional proximal assistance. For these additions, we would also have to account for patient
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comfort, system complexity, and intent-detection methods as well.
From a usability perspective, this device is not yet ready to be used as a take-home apparatus
because it is not equipped with sufficient self-fitting features. Fingertip components in particular
would be difficult to don without assistance, particularly more so for patients with severe muscle
tone. As a qualitative evaluation, we believe that with some training a subset of patients with low
tone could don the device themselves, but this is not a claim we can formally make at the moment.
We believe our device is easier to wear than traditional glove-type counterparts, but this aspect still
requires further improvement.
Finally, a major challenge for development of wearable hand robot is that the mechanism of
spasticity is not completely understood. A well known clinical characteristics of spasticity is in-
creased muscle tone and velocity dependent resistant to movement of joints, but there has not been
an attempt to quantify difference between increased muscle tone by passive stretch and muscle
contractions by active intent to move. It is important to characterize active muscle tone since a
device must operate upon a user’s intention to move with muscle activation if we want a user to en-
gage in manipulation tasks. It would be of great benefit to future development of a wearable device
if we study relevant spasticity mechanism using a spasticity sensing platform, which measures the
interplay between extension/flexion force and joint velocity.
8.3 The Future of Post-stroke Hand Rehabilitation
In our study on rehabilitative and assistive performance, the results showed rehabilitative im-
provements as well as assistive effects to some level. One might wonder whether the future of
robotic hand orthoses is as rehabilitative or assistive tools. We believe it is both.
Rehabilitative tools must enable movement and guarantee reliability without a necessary em-
phasis on portability, whereas assistive tools must be easy to wear and use without medical or
technical supervision. It is true that attempting to produce a device that is simultaneously assistive
and rehabilitative runs a risk of poor usability; given conflicting requirements, a device might fail
to satisfy either. However, the end-goal is very compelling. Assistance in the affected hand for
89
ADLs could encourage stroke patients to use the hand more on a daily basis with the potential to
significantly increase the number of motor repetitions and thus the intensity of training, in turn
leading to a better rehabilitative outcome as well. For this reasons, rehabilitative and assistive
effects of a wearable device are not clearly separable. A future wearable device that is simulta-
neously functionally effective, repeatable, wearable, and easy to use, would fulfill this ambitious
mission.
What will the next generation of a wearable hand robot look like? Hand, wrist, forearm, elbow,
and shoulder assistive devices are all separately developed at the moment. But one can expect
to see integration of multiple devices for improved coordinated movement training for manipu-
lation tasks in the foreseeable future. Also, rapid development of machine learning and artificial
intelligence will have a great impact on intent detection and intuitive control methods. With related
technological growth, such as wearable sensors, actuators, material, transmission mechanisms, and
control algorithms, we hope to take a step closer to a wearable and functional take-home device.
With these advancements, stroke rehabilitation can take place with repeatable and extended
therapeutic exercises that are distributed in frequent aliquots, enabling functional training on real-
world manipulation tasks and activities rather than exercises in a non-functional context. Ulti-
mately, patients with permanent impairment after stroke will develop a greater sense of indepen-
dence and control within their daily activities.
90
Bibliography
[1] Farshid Amirabdollahian, Serdar Ates, Angelo Basteris, Alfredo Cesario, Jaap Buurke,
H Hermens, Dennis Hofs, Ellinor Johansson, Gail Mountain, Nasrin Nasr, et al. Design,
development and deployment of a hand/wrist exoskeleton for home-based rehabilitation af-
ter stroke-script project. Robotica, 32(8):1331–1346, 2014.
[2] Jumpei Arata, Keiichi Ohmoto, Roger Gassert, Olivier Lambercy, Hideo Fujimoto, and Ikuo
Wada. A new hand exoskeleton device for rehabilitation using a three-layered sliding spring
mechanism. In Robotics and Automation (ICRA), 2013 IEEE International Conference on,
pages 3902–3907. IEEE, 2013.
[3] Richard A Armstrong. When to use the b onferroni correction. Ophthalmic and Physiolog-
ical Optics, 34(5):502–508, 2014.
[4] Serdar Ates, Claudia JW Haarman, and Arno HA Stienen. Script passive orthosis: design of
interactive hand and wrist exoskeleton for rehabilitation at home after stroke. Autonomous
Robots, 41(3):711–723, 2017.
[5] Stuart Biggar and Wei Yao. Design and evaluation of a soft and wearable robotic glove for
hand rehabilitation. IEEE Transactions on Neural Systems and Rehabilitation Engineering,
24(10):1071–1080, 2016.
[6] Patrick Boissy, Daniel Bourbonnais, Marie Madeleine Carlotti, Denis Gravel, and
Bertrand A Arsenault. Maximal grip force in chronic stroke subjects and its relationship
to global upper extremity function. Clinical rehabilitation, 13(4):354–362, 1999.
[7] Ronald A Bos, Claudia JW Haarman, Teun Stortelder, Kostas Nizamis, Just L Herder,
Arno HA Stienen, and Dick H Plettenburg. A structured overview of trends and technologies
91
used in dynamic hand orthoses. Journal of neuroengineering and rehabilitation, 13(1):62,
2016.
[8] Leo Breiman. Random forests. Machine learning, 45(1), 2001.
[9] Elizabeth B Brokaw, Iian Black, Rahsaan J Holley, and Peter S Lum. Hand spring operated
movement enhancer (handsome): a portable, passive hand exoskeleton for stroke rehabilita-
tion. IEEE Transactions on Neural Systems and Rehabilitation Engineering, 19(4):391–399,
2011.
[10] Rocco Salvatore Calabrò, Margherita Russo, Antonino Naro, Demetrio Milardi, Tina Bal-
letta, Antonino Leo, Serena Filoni, and Placido Bramanti. Who may benefit from armeo
power treatment? a neurophysiological approach to predict neurorehabilitation outcomes.
PM&R, 8(10):971–978, 2016.
[11] Leonardo Cappello, Jan T Meyer, Kevin C Galloway, Jeffrey D Peisner, Rachael Granberry,
Diana A Wagner, Sven Engelhardt, Sabrina Paganoni, and Conor J Walsh. Assisting hand
function after spinal cord injury with a fabric-based soft robotic glove. Journal of neuro-
engineering and rehabilitation, 15(1):59, 2018.
[12] Benedetta Cesqui, Peppino Tropea, Silvestro Micera, and Hermano Igo Krebs. Emg-based
pattern recognition approach in post stroke robot-aided rehabilitation: a feasibility study.
Journal of neuroengineering and rehabilitation, 10(1):75, 2013.
[13] Ji Chen, Diane Nichols, Elizabeth B Brokaw, and Peter S Lum. Home-based therapy after
stroke using the hand spring operated movement enhancer (handsome). IEEE Transactions
on Neural Systems and Rehabilitation Engineering, 25(12):2305–2312, 2017.
[14] Azzurra Chiri, Nicola Vitiello, Francesco Giovacchini, Stefano Roccella, Fabrizio Vecchi,
and Maria Chiara Carrozza. Mechatronic design and characterization of the index finger
module of a hand exoskeleton for post-stroke rehabilitation. IEEE/ASmE Transactions on
mechatronics, 17(5):884–894, 2012.
92
[15] Chia-Ye Chu and Rita M Patterson. Soft robotic devices for hand rehabilitation and assis-
tance: a narrative review. Journal of neuroengineering and rehabilitation, 15(1):9, 2018.
[16] Matei T Ciocarlie and Peter K Allen. Hand posture subspaces for dexterous robotic grasping.
The International Journal of Robotics Research, 28(7):851–867, 2009.
[17] Elaine A Corbett, Eric J Perreault, and Todd A Kuiken. Comparison of electromyogra-
phy and force as interfaces for prosthetic control. Journal of rehabilitation research and
development, 48(6):629, 2011.
[18] EG Cruz and DG Kamper. Use of a novel robotic interface to study finger motor control.
Annals of biomedical engineering, 38(2):259–268, 2010.
[19] Michael A Delph, Sarah A Fischer, Phillip W Gauthier, Carlos H Martinez Luna, Edward A
Clancy, and Gregory S Fischer. A soft robotic exomusculature glove with integrated semg
sensing for hand rehabilitation. In Rehabilitation robotics (ICORR), 2013 IEEE interna-
tional conference On, pages 1–7. IEEE, 2013.
[20] Julius PA Dewald, Patrick S Pope, Joseph D Given, Thomas S Buchanan, and W Zev Rymer.
Abnormal muscle coactivation patterns during isometric torque generation at the elbow and
shoulder in hemiparetic subjects. Brain, 118(2):495–510, 1995.
[21] Pamela W Duncan, Larry B Goldstein, David Matchar, George W Divine, and John Feuss-
ner. Measurement of motor recovery after stroke. outcome assessment and sample size
requirements. Stroke, 23(8), 1992.
[22] Todd R Farrell et al. A comparison of the effects of electrode implantation and targeting
on pattern classification accuracy for prosthesis control. IEEE Trans. Biomed. Eng., 55(9),
2008.
93
[23] Marco Fontana, Andrea Dettori, Fabio Salsedo, and Massimo Bergamasco. Mechanical de-
sign of a novel hand exoskeleton for accurate force displaying. In Robotics and Automation,
2009. ICRA’09. IEEE International Conference on, pages 1704–1709. IEEE, 2009.
[24] Axel R Fugl-Meyer, L Jääskö, Ingegerd Leyman, Sigyn Olsson, and Solveig Steglind. The
post-stroke hemiplegic patient. 1. a method for evaluation of physical performance. Scandi-
navian journal of rehabilitation medicine, 7(1):13–31, 1975.
[25] Weichao Guo, Xinjun Sheng, Honghai Liu, and Xiangyang Zhu. Mechanomyography as-
sisted myoeletric sensing for upper-extremity prostheses: A hybrid approach. IEEE Sensors
Journal, 17(10):3100–3108, 2017.
[26] Pilwon Heo, Gwang Min Gu, Soo-jin Lee, Kyehan Rhee, and Jung Kim. Current hand
exoskeleton technologies for rehabilitation and assistive engineering. International Journal
of Precision Engineering and Manufacturing, 13(5):807–824, 2012.
[27] Neville Hogan, Hermano Igo Krebs, J Charnnarong, P Srikrishna, and Andre Sharon. Mit-
manus: a workstation for manual therapy and training. i. In Robot and Human Communica-
tion, 1992. Proceedings., IEEE International Workshop on, pages 161–165. IEEE, 1992.
[28] Maurits H Hoonhorst, Rinske H Nijland, Jan S van den Berg, Cornelis H Emmelot,
Boudewijn J Kollen, and Gert Kwakkel. How do fugl-meyer arm motor scores relate to
dexterity according to the action research arm test at 6 months poststroke? Archives of
physical medicine and rehabilitation, 96(10):1845–1849, 2015.
[29] XL Hu, KY Tong, XJ Wei, W Rong, EA Susanto, and SK Ho. The effects of post-stroke
upper-limb training with an electromyography (emg)-driven hand robot. Journal of Elec-
tromyography and Kinesiology, 23(5):1065–1074, 2013.
[30] Irfan Hussain, Gionata Salvietti, Leonardo Meli, Claudio Pacchierotti, David Cioncoloni,
Simone Rossi, and Domenico Prattichizzo. Using the robotic sixth finger and vibrotactile
94
feedback for grasp compensation in chronic stroke patients. In Rehabilitation Robotics
(ICORR), 2015 IEEE International Conference on, pages 67–72. IEEE, 2015.
[31] Irfan Hussain, Giovanni Spagnoletti, Gionata Salvietti, and Domenico Prattichizzo. Toward
wearable supernumerary robotic fingers to compensate missing grasping abilities in hemi-
paretic upper limb. The International Journal of Robotics Research, 36(13-14):1414–1436,
2017.
[32] Morufu Olusola Ibitoye, Nur Azah Hamzaid, Jorge M Zuniga, and Ahmad Khairi Abdul
Wahab. Mechanomyography and muscle function assessment: A review of current state and
prospects. Clinical Biomechanics, 29(6):691–704, 2014.
[33] Hyunki In, Brian Byunghyun Kang, MinKi Sin, and Kyu-Jin Cho. Exo-glove: a wearable
robot for the hand with a soft tendon routing system. IEEE Robotics & Automation Maga-
zine, 22(1):97–105, 2015.
[34] Hyunki In, Haemin Lee, Useok Jeong, Brian Byunghyun Kang, and Kyu-Jin Cho. Feasibil-
ity study of a slack enabling actuator for actuating tendon-driven soft wearable robot without
pretension. In Robotics and Automation (ICRA), 2015 IEEE International Conference on,
pages 1229–1234. IEEE, 2015.
[35] J Iqbal, NG Tsagarakis, and DG Caldwell. Human hand compatible underactuated exoskele-
ton robotic system. Electronics Letters, 50(7):494–496, 2014.
[36] Seppo E Iso-Ahola et al. Social psychological foundations of leisure and resultant impli-
cations for leisure counseling. Social psychological foundations of leisure and resultant
implications for leisure counseling., pages 97–125, 1984.
[37] Inseong Jo, Jeongsoo Lee, Yeongyu Park, and Joonbum Bae. Design of a wearable hand
exoskeleton for exercising flexion/extension of the fingers. In Rehabilitation Robotics
(ICORR), 2017 International Conference on, pages 1615–1620. IEEE, 2017.
95
[38] Shawn Swanson Johnson and Elizabeth Mansfield. Prosthetic training: upper limb. Physical
Medicine and Rehabilitation Clinics, 25(1):133–151, 2014.
[39] Han Young Jung, Joon Shik Yoon, and Bong Soon Park. Recovery of proximal and distal
arm weakness in the ipsilateral upper limb after stroke. NeuroRehabilitation, 17(2):153–
159, 2002.
[40] Derek G Kamper, Heidi C Fischer, Erik G Cruz, and William Z Rymer. Weakness is the
primary contributor to finger impairment in chronic stroke. Archives physical medicine and
rehab., 87:1262–1269, 2006.
[41] Brian Byunghyun Kang, Haemin Lee, Hyunki In, Useok Jeong, Jinwon Chung, and Kyu-Jin
Cho. Development of a polymer-based tendon-driven wearable robotic hand. In Robotics
and Automation (ICRA), 2016 IEEE International Conference on, pages 3750–3755. IEEE,
2016.
[42] Artem Kargov, Christian Pylatiuk, Jan Martin, Stefan Schulz, and Leonhard Döderlein. A
comparison of the grip force distribution in natural hands and in prosthetic hands. Disability
and Rehab., 26(12), 2004.
[43] Dong Hyun Kim, Si-Hwan Heo, and Hyung-Soon Park. Biomimetic finger extension mech-
anism for soft wearable hand rehabilitation devices. In Rehabilitation Robotics (ICORR),
2017 International Conference on, pages 1326–1330. IEEE, 2017.
[44] John W Krakauer. Motor learning: its relevance to stroke recovery and neurorehabilitation.
Current opinion in neurology, 19(1):84–90, 2006.
[45] Hermano Igo Krebs. Twenty+ years of robotics for upper-extremity rehabilitation following
a stroke. In Rehabilitation Robotics. Elsevier, 2018.
[46] Olivier Lambercy, Raffaele Ranzani, and Roger Gassert. Robot-assisted rehabilitation of
hand function. In Rehabilitation Robotics, pages 205–225. Elsevier, 2018.
96
[47] Catherine E Lang, Jillian R MacDonald, and Christopher Gnip. Counting repetitions: an
observational study of outpatient therapy for people with hemiparesis post-stroke. Journal
of Neurologic Physical Therapy, 31(1):3–10, 2007.
[48] Catherine E Lang, Michael J Strube, Marghuretta D Bland, Kimberly J Waddell, Kendra M
Cherry-Allen, Randolph J Nudo, Alexander W Dromerick, and Rebecca L Birkenmeier.
Dose response of task-specific upper limb training in people at least 6 months poststroke:
A phase ii, single-blind, randomized, controlled trial. Annals of neurology, 80(3):342–354,
2016.
[49] Natasha A Lannin, Sally A Horsley, Robert Herbert, Annie McCluskey, and Anne Cusick.
Splinting the hand in the functional position after brain impairment: a randomized, con-
trolled trial. Archives of physical medicine and rehabilitation, 84(2):297–302, 2003.
[50] E. Lawrence, C. Coshall, R. Dundas, J. Stewart, A. Rudd, R. Howard, and C. Wolfe. Esti-
mates of the prevalence of acute stroke impairments and disability in a multiethnic popula-
tion. Stroke, 32, 2001.
[51] Sang Wook Lee, Katlin A Landers, and Hyung-Soon Park. Development of a biomimetic
hand exotendon device (biomhed) for restoration of functional hand movement post-stroke.
IEEE Transactions on Neural Systems and Rehabilitation Engineering, 22(4):886–898,
2014.
[52] G. Levanon, B. Colijn, B. Cheng, and M. Paterra. From not enough jobs to not
enough workers: What retiring baby boomers and the coming labor shortage mean
for your company. The Conference Board Market Report, https://www.conference-
board.org/topics/publicationdetail.cfm?publicationid=2819, 2014.
[53] Albert C Lo, Peter D Guarino, Lorie G Richards, Jodie K Haselkorn, George F Witten-
berg, Daniel G Federman, Robert J Ringer, Todd H Wagner, Hermano I Krebs, Bruce T
97
Volpe, et al. Robot-assisted therapy for long-term upper-limb impairment after stroke. New
England Journal of Medicine, 362(19):1772–1783, 2010.
[54] Zhiyuan Lu, Raymond Kai-yu Tong, Xu Zhang, Sheng Li, and Ping Zhou. Myoelectric
pattern recognition for controlling a robotic hand: A feasibility study in stroke. IEEE Trans-
actions on Biomedical Engineering, 2018.
[55] Lenny Lucas, Matthew DiCicco, and Yoky Matsuoka. An emg-controlled hand exoskeleton
for natural pinching. Journal of Robotics and Mechatronics, 16:482–488, 2004.
[56] Xun Luo, Tiffany Kline, Heidi C Fischer, Kathy A Stubblefield, Robert V Kenyon, and
Derek G Kamper. Integration of augmented reality and assistive devices for post-stroke hand
opening rehabilitation. In 2005 IEEE Engineering in Medicine and Biology 27th Annual
Conference, pages 6855–6858. IEEE, 2006.
[57] Ronald C Lyle. A performance test for assessment of upper limb function in physical reha-
bilitation treatment and research. International journal of rehabilitation research, 4(4):483–
492, 1981.
[58] Paweł Maciejasz, Jörg Eschweiler, Kurt Gerlach-Hahn, Arne Jansen-Troy, and Steffen
Leonhardt. A survey on robotic devices for upper limb rehabilitation. Journal of neuro-
engineering and rehabilitation, 11(1):3, 2014.
[59] Virgil Mathiowetz, Gloria Volland, Nancy Kashman, and Karen Weber. Adult norms for
the box and block test of manual dexterity. American Journal of Occupational Therapy,
39(6):386–391, 1985.
[60] Cassie Meeker, Sangwoo Park, Lauri Bishop, Joel Stein, and Matei Ciocarlie. Emg pattern
classification to control a hand orthosis for functional grasp assistance after stroke. In Reha-
bilitation Robotics (ICORR), 2017 International Conference on, pages 1203–1210. IEEE,
2017.
98
[61] Andrew T Miller and Peter K Allen. Graspit! a versatile simulator for robotic grasping.
IEEE Robotics & Automation Magazine, 11(4):110–122, 2004.
[62] Sharon Maria Nijenhuis, Grada Berendina Prange, F Amirabdollahian, F. Infarinato, Jaap
Buurke, and Johan Swanik Rietman. Feasibility of a second iteration wrist and hand sup-
ported training system for self-administered training at home in chronic stroke. In M Het-
tinga, A.L. Culén, L. van Gemert-Pijnen, A.G. Ekeland, T. Bergmo, P. Perego, M. Caon,
C. Degano, P. Giacomelli, and K. Dyb, editors, The Eighth International Conference on
eHealth, Telemedicine, and Social Medicine (eTELEMED), pages 51–56, 4 2016.
[63] Mats Nilsson, Johan Ingvast, Jan Wikander, and Hans von Holst. The soft extra muscle sys-
tem for improving the grasping capability in neurological rehabilitation. In 2012 2nd IEEE-
EMBS Conference on Biomedical Engineering and Sciences, IECBES 2012; Langkawi;
Malaysia; 17 December 2012 through 19 December 2012, pages 412–417. IEEE, 2012.
[64] J Mauricio Ochoa, Yicheng Jia Dev Narasimhan, and Derek G Kamper. Development of
a portable actuated orthotic glove to facilitate gross extension of the digits for therapeutic
training after stroke. In Engineering in Medicine and Biology Society, 2009. EMBC 2009.
Annual International Conference of the IEEE, pages 6918–6921. IEEE, 2009.
[65] Felipe Orihuela-Espina, Giovana Femat Roldán, Israel Sánchez-Villavicencio, Lorena
Palafox, Ronald Leder, Luis Enrique Sucar, and Jorge Hernández-Franco. Robot training
for hand motor recovery in subacute stroke patients: a randomized controlled trial. Journal
of Hand Therapy, 29(1):51–57, 2016.
[66] Max Ortiz-Catalan, Faezeh Rouhani, Rickard Brånemark, and Bo Håkansson. Offline ac-
curacy: a potentially misleading metric in myoelectric pattern recognition for prosthetic
control. In IEEE Eng Med Biol Soc. IEEE, 2015.
99
[67] Stephen J Page, George D Fulk, and Pierce Boyne. Clinically important differences for the
upper-extremity fugl-meyer scale in people with minimal to moderate impairment due to
chronic stroke. Physical therapy, 92(6):791–798, 2012.
[68] Sangwoo Park, Lauri Bishop, Tara Post, Yuchen Xiao, Joel Stein, and Matei Ciocarlie. On
the feasibility of wearable exotendon networks for whole-hand movement patterns in stroke
patients. In Robotics and Automation (ICRA), 2016 IEEE International Conference on,
pages 3729–3735. IEEE, 2016.
[69] Thomas V Perneger. What’s wrong with bonferroni adjustments. Bmj, 316(7139):1236–
1238, 1998.
[70] Alex Pollock, Sybil E Farmer, Marian C Brady, Peter Langhorne, Gillian E Mead, Jan
Mehrholz, and Frederike van Wijck. Interventions for improving upper limb function after
stroke. Cochrane Database of Systematic Reviews, (11), 2014.
[71] Panagiotis Polygerinos, Kevin C Galloway, Siddharth Sanan, Maxwell Herman, and Conor J
Walsh. Emg controlled soft robotic glove for assistance during activities of daily living. In
Rehabilitation Robotics (ICORR), 2015 IEEE International Conference on, pages 55–60.
IEEE, 2015.
[72] Panagiotis Polygerinos, Zheng Wang, Kevin C Galloway, Robert J Wood, and Conor J
Walsh. Soft robotic glove for combined assistance and at-home rehabilitation. Robotics
and Autonomous Systems, 73:135–143, 2015.
[73] Michael A Powell and Nitish V Thakor. A training strategy for learning pattern recognition
control for myoelectric prostheses. Journal of prosthetics and orthotics: JPO, 25(1):30,
2013.
[74] Shu-Wei Pu, Jen-Yuan Chang, Yu-Cheng Pei, Chia-Chen Kuo, and Mao-Jiun Wang.
Anthropometry-based structural design of a hand exoskeleton for rehabilitation. In Mecha-
100
tronics and Machine Vision in Practice (M2VIP), 2016 23rd International Conference on,
pages 1–6. IEEE, 2016.
[75] Bob Radder, Gerdienke B Prange-Lasonder, Anke IR Kottink, Liesbeth Gaasbeek, Johnny
Holmberg, Thomas Meyer, Alejandro Melendez-Calderon, Johan Ingvast, Jaap H Buurke,
and Johan S Rietman. A wearable soft-robotic glove enables hand support in adl and re-
habilitation: A feasibility study on the assistive functionality. Journal of rehabilitation and
assistive technologies engineering, 3:2055668316670553, 2016.
[76] Chad G Rose and Marcia K O’Malley. Hybrid rigid-soft hand exoskeleton to assist func-
tional dexterity. IEEE Robotics and Automation Letters, 4(1):73–80, 2019.
[77] Oscar Sandoval-Gonzalez, Juan Jacinto-Villegas, Ignacio Herrera-Aguilar, Otniel Portillo-
Rodiguez, Paolo Tripicchio, Miguel Hernandez-Ramos, Agustín Flores-Cuautle, and Carlo
Avizzano. Design and development of a hand exoskeleton robot for active and passive
rehabilitation. International Journal of Advanced Robotic Systems, 13(2):66, 2016.
[78] Marco Santello, Martha Flanders, and John F Soechting. Postural hand synergies for tool
use. Journal of Neuroscience, 18(23):10105–10115, 1998.
[79] Daisuke Sasaki, Toshiro Noritsugu, Masahiro Takaiwa, and Hidekazu Konishi. Control
method based on emg for power assist glove using self-organizing maps. IJAT, 8(2):177–
185, 2014.
[80] Christopher N Schabowsky, Sasha B Godfrey, Rahsaan J Holley, and Peter S Lum. De-
velopment and pilot testing of hexorr: hand exoskeleton rehabilitation robot. Journal of
neuroengineering and rehabilitation, 7(1):36, 2010.
[81] Andr Schiele and Frans CT Van Der Helm. Kinematic design to improve ergonomics in
human machine interaction. IEEE Transactions on Neural Systems and Rehabilitation En-
gineering, 14(4):456–469, 2006.
101
[82] Emma J Schneider, Natasha A Lannin, Louise Ada, and Julia Schmidt. Increasing the
amount of usual rehabilitation improves activity after stroke: a systematic review. Journal
of physiotherapy, 62(4), 2016.
[83] Richard Schulz. Effects of control and predictability on the physical and psychological well-
being of the institutionalized aged. Journal of personality and social psychology, 33(5):563,
1976.
[84] Charles H Shea and Robert M Kohl. Composition of practice: Influence on the retention of
motor skills. Research quarterly for exercise and sport, 62(2):187–195, 1991.
[85] Arno HA Stienen, Edsko EG Hekman, Frans CT Van Der Helm, and Herman Van Der Kooij.
Self-aligning exoskeleton axes through decoupling of joint rotations and translations. IEEE
Transactions on Robotics, 25(3):628–633, 2009.
[86] David L Streiner and Geoffrey R Norman. Correction for multiple testing: is there a resolu-
tion? Chest, 140(1):16–18, 2011.
[87] Rebecca A Stuck, Lisa M Marshall, and Ramachandran Sivakumar. Feasibility of saeboflex
upper-limb training in acute stroke rehabilitation: A clinical case series. Occupational ther-
apy international, 21(3):108–114, 2014.
[88] Marian Suarez-Escobar and Elizabeth Rendon-Velez. An overview of robotic/mechanical
devices for post-stroke thumb rehabilitation. Disability and Rehabilitation: Assistive Tech-
nology, 13(7):683–703, 2018.
[89] Pramodsingh H Thakur, Amy J Bastian, and Steven S Hsiao. Multidigit movement synergies
of the human hand in an unconstrained haptic exploration task. Journal of Neuroscience,
28(6):1271–1281, 2008.
[90] Kelly O Thielbar, Kristen M Triandafilou, Heidi C Fischer, Jake M O’Toole, Molly L Cor-
rigan, José M Ochoa, Mary Ellen Stoykov, and Derek G Kamper. Benefits of using a voice
102
and emg-driven actuated glove to support occupational therapy for stroke survivors. IEEE
Transactions on Neural Systems and Rehabilitation Engineering, 25(3):297–305, 2017.
[91] Emanuel Todorov and Zoubin Ghahramani. Analysis of the synergies underlying complex
hand manipulation. In Engineering in Medicine and Biology Society, 2004. IEMBS’04. 26th
Annual International Conference of the IEEE, volume 2, pages 4637–4640. IEEE, 2004.
[92] Joseph D Towles, Derek G Kamper, and William Z Rymer. Lack of hypertonia in thumb
muscles after stroke. Journal of neurophysiology, 104(4):2139–2146, 2010.
[93] Johanna H Van der Lee, Vincent De Groot, Heleen Beckerman, Robert C Wagenaar, Gus-
taaf J Lankhorst, and Lex M Bouter. The intra-and interrater reliability of the action research
arm test: a practical test of upper extremity function in patients with stroke. Archives of
physical medicine and rehabilitation, 82(1):14–19, 2001.
[94] A Van Lunteren, GHM van Lunteren-Gerritsen, HG Stassen, and MJ Zuithoff. A field eval-
uation of arm prostheses for unilateral amputees. Prosthetics and Orthotics International,
7(3), 1983.
[95] Janne M Veerbeek, Anneli C Langbroek-Amersfoort, Erwin EH Van Wegen, Carel GM
Meskers, and Gert Kwakkel. Effects of robot-assisted therapy for the upper limb after stroke:
a systematic review and meta-analysis. Neurorehabilitation and neural repair, 31(2):107–
121, 2017.
[96] Salim S Virani, Alvaro Alonso, Emelia J Benjamin, Marcio S Bittencourt, Clifton W
Callaway, April P Carson, Alanna M Chamberlain, Alexander R Chang, Susan Cheng,
Francesca N Delling, et al. Heart disease and stroke statistics-2020 update: A report from
the american heart association. Circulation, 141(9):e139–e596, 2020.
[97] Lynne M Weber and Joel Stein. The use of robots in stroke rehabilitation: A narrative
review. NeuroRehabilitation, 43(1):99–110, 2018.
103
[98] Andrzej Wołczowski and Rafał Zdunek. Electromyography and mechanomyography signal
recognition: experimental analysis using multi-way array decomposition methods. Biocy-
bernetics and Biomedical Engineering, 37(1):103–113, 2017.
[99] Hong Kai Yap, Benjamin WK Ang, Jeong Hoon Lim, James CH Goh, and Chen-Hua Yeow.
A fabric-regulated soft robotic glove with user intent detection using emg and rfid for hand
assistive application. In Robotics and Automation (ICRA), 2016 IEEE International Con-
ference on, pages 3537–3542. IEEE, 2016.
[100] Hong Kai Yap, Jeong Hoon Lim, Fatima Nasrallah, James CH Goh, and Raye CH Yeow.
A soft exoskeleton for hand assistive and rehabilitation application using pneumatic actua-
tors with variable stiffness. In Robotics and Automation (ICRA), 2015 IEEE International
Conference on, pages 4967–4972. IEEE, 2015.
[101] Hong Kai Yap, Andrew Mao, James CH Goh, and Chen-Hua Yeow. Design of a wearable
fmg sensing system for user intent detection during hand rehabilitation with a soft robotic
glove. In Biomedical Robotics and Biomechatronics (BioRob), 2016 6th IEEE International
Conference on, pages 781–786. IEEE, 2016.
[102] Huichan Zhao, Jonathan Jalving, Rukang Huang, Ross Knepper, Andy Ruina, and Robert
Shepherd. A helping hand: Soft orthosis with integrated optical strain sensors and emg
control. IEEE Robotics & Automation Magazine, 23(3):55–64, 2016.
104
